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ABSTRACT 
In the present climate of energy conservation and CO2 emission consciousness, building 
heating, ventilating and air conditioning (HVAC) systems are required to achieve thermal 
comfort and indoor air quality in the most energy efficient manner possible. To this end 
optimising the use of natural ventilation is considered an area which can significantly 
reduce both the occupants discomfort and the energy consumption. The ability to 
effectively control the indoor environment would considerably enhance the use of natural 
ventilation. The overall aim of this research is to develop, commission and evaluate a 
fuzzy rule-based controller which can vary the resistance of ventilation opening in order 
to maintain an acceptable comfort conditions in the occupied space. 
The design of the fuzzy control system starts by establishing certain quantization levels 
for the input/output variables along with corresponding membership functions. Aspects of 
input and output variable choice together with their linguistic labels are explained and 
presented. Control rules are defined based on the off-line thermal modelling, experimental 
results and through discussions with experts. A dynamic air flow distribution is 
investigated through a series of experiments for different environmental conditions and 
opening levels without any control action. Three rule-bases of different complexity are 
developed and presented. All solutions are simulated in an input-output space and their 
differences presented in more detail through examples of the Mamdani inference method 
application. Controller validation is initially carried out using simulation as this offers the 
possibility of testing controllers under extreme conditions regardless of test room physical 
limitations. Simulations are carefully designed to allow simultaneous comparison of 
different controllers' performances. Then on-line validation is carried out in the test room 
by measuring the air flow distribution with and without the controller in action. A 
naturally ventilated test room and its instrumentation is set up. A controller 
commissioning methodology is established, involving the choice of software and 
hardware platforms and data acquisition methodology. 
Key words: natural ventilation, supervisory control, air flow distribution, on-line control 
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Chapter 1 
INTRODUCTION 
In the present climate of energy conservation and CO2 emission consciousness, building 
heating, ventilating and air conditioning (HVAC) systems are required to achieve thermal 
comfort and indoor air quality in the most energy effectivemanner possible. In a 
developed countries buildings account for half of the fossil fuel consumed, so buildings 
must be designed to reduce fuel consumption by a very large ratio. To this end optimising 
the use of natural ventilation is considered an area which can significantly reduce both the 
occupants discomfort and the energy consumption. Nevertheless natural ventilation of 
buildings is not being implemented as efficiently as it was a century ago, (Fordham 2000) 
having been almost completely replaced with the newly invented, fashionable air- 
conditioned systems. There may have been a number of reasons for ignoring natural 
ventilation, but the lack of control of natural ventilation systems may have been a major 
factor, (Awbi 1994). 
The ability to effectively control the indoor environment would considerably enhance the 
use of natural ventilation in buildings. The control of natural ventilation rates can be 
achieved at two levels. The first is a very coarse level which is achieved by good building 
design. No control system, no matter how sophisticated it is, can improve the 
performance of a badly designed building. In a addition to a good building design a 
second level of control will be needed, the active control of the natural ventilation rate, 
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(CIBSE 1997). This can only be achieved by regulating the size of the ventilation opening 
in response to changing environmental and comfort demands. 
The overall aim of the this research is to develop a fuzzy rule-based controller which can 
vary the resistance of ventilation opening in order to maintain an acceptable thermal 
comfort conditions in the occupied space. A rule-based control approach is particularly 
suited for systems that cannot be easily mathematically modelled, but yet can be 
described by experts; natural ventilation of buildings comes into this category of systems. 
1.1 NATURAL VENTILATION 
Natural ventilation is the air movement through openings in a building envelope as a 
result of either wind impinging on the building or the temperature difference between air 
inside and outside of the building, (Croome, 1981). The two effects create a pressure 
difference across openings in the building facades. The are two modes of natural 
ventilation described by the location of the openings: cross flow ventilation where 
openings are located on different facades of the building and single-sided where one or 
more openings are located on the same facade, (CIBSE 1997). Single sided ventilation is 
effective to a depth of about 2 to 2.5 times the floor to ceiling height depending on 
whether it is with single or double opening respectively whereas cross ventilation is 
effective to a depth of about 5 times. Natural ventilation models are more prevalent for 
the buildings with cross flow ventilation primarily because cross flow is the more wide 
spread natural ventilation design but also as a result of the lack of knowledge about single 
sided ventilation. Yet single-sided natural ventilation is a common occurrence of 
buildings in urban environment. Main driving mechanism in a single-sided natural 
ventilation is the non-uniform pressure difference distribution at the level of the opening 
which introduces local turbulence motion that drives air inside/outside the ventilated 
space. 
In the wind effect, the wind impinging on the building envelope generates a pressure 
distribution over the external surfaces of the buildings. The magnitude of the pressures 
generated are dictated by a number of conditions such as local wind velocity and 
direction, geometry of the building in question, proximity of the surrounding buildings 
and obstructions. The resulting pressure distribution for a given condition is non-uniform 
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and varies not only in time but depending on the location on the fagade (Grosso 1992, 
Gan 2000). The stack effect pressures are induced by buoyancy forces resulting from 
different temperatures and hence different densities of air inside and outside building. 
Therefore the pressure difference across an opening generated by the wind and stack 
effect can be derived for each individually, but the combined influence of both wind and 
stack effect is an extremely complicated relationship, (Pinnock 1999). 
The distinction between natural ventilation and air infiltration should be clarified. Both 
results in air movement due to natural driving forces. However, natural ventilation is the 
intentional airflow through purposely built openings, while air infiltration is unintentional 
air flow through leakage sites. 
In recent years natural ventilation has gained momentum as a suitable design strategy for 
buildings in UK. Some examples of such buildings built and occupied in the last decade 
are: Cable and Wireless training college (Edwards 1994) and Power Gen headquarters in 
Coventry (Brister 1995), Inland Revenue building in Nottingham, Queens building at De 
Montfort University in Leicester, (CIBSE 1997). 
1.2 CONTROL AND NATURAL VENTILATION 
Current practice in naturally ventilated buildings is manual control of inlet/outlet 
openings or seasonal operation, (Channer 1994, Martin 1995), what can results in 
overheating during the summer as documented in some monitoring results, (Martin1995). 
On the other hand conventional negative feedback control requires reliable mathematical 
model. Air flow pattern in naturally ventilated buildings is one of the most difficult 
modelling problems. Existing natural ventilation models are of various complexities 
ranging from the simplest to the most sophisticated (Koloktroni 1999). Empirical and 
network models despite their flexibility simulating air flow rates, do not provide 
information regarding the air velocity and temperature field in the investigated space 
(Dascalaki 1999). CFD models, although capable of providing such an information, are 
very dependent on the accuracy of input data. In case of natural ventilation, the boundary 
conditions cannot be defined with the high accuracy (Dascalaki 1999). It seems that at the 
moment, for the purpose of the feedback control, there is no available model which is 
accurate and easy enough to implement. CIBSE Natural Ventilation in Non Domestic 
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Buildings Application Manual (CIBSE 1997) discusses control in terms of proper 
definition of control strategy. It also emphasise that the way in which the opening vary 
should not just be a function of the required ventilation rate, but also of the prevailing 
weather conditions since these will influence the driving forces. Kolokotroni et al (2001) 
recommends design of appropriate ventilation strategies in relation to the prevailing 
external conditions. 
Single sided natural ventilation is driven by forces which are primarily of stochastic 
nature. When the randomness of the system is a result of complex interactions involving 
many independent and ultimately irreducible degrees of freedom, it feels natural to turn to 
non-deterministic approaches in order to handle the uncertainty related with the physical 
parameters involved, (Hang 1994, Dascalaki, 1999). The purpose of fuzzy logic control is 
the implementation and realisation of a human control strategy. In practice, the human 
being can take reasonable actions even in time-varying conditions of the process, their 
nonlinearities and existing disturbances. While the differential equations are the language 
of conventional control, IF-THEN rules are the language of fuzzy control. Fuzzy rules 
serve to describe in linguistic terms a quantitative relationship between variables, (Dounis 
1994, Reznik 1997, Hamdi 1998). 
1.3 OBJECTIVES OF THE THESIS 
The overall objectives of this work are: 
1. To develop and implement a portable rule-based controller for naturally ventilated 
buildings. 
2. To investigate the effectiveness of the rule-based controller by carrying out 
experimental measurements in a naturally ventilated test room. 
1.3.1 Research Methodology 
The fuzzy rule based controller will be designed to improve thermal comfort and air 
quality inside the building. Rules will be defined based on the off=line thermal modelling 
and through discussions with experts. Based on the air temperature and velocity 
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distributions, the controller will using the implemented rules calculate the size of the 
opening and send a signal to the actuator positioner, see Figure 1.1. 
For the purposes of the off-line thermal modelling an existing building thermal models 
(ROOM and VENT programs) developed by Arup (Oasys 1992) that already generates 
thermal comfort spatial distribution will be extended to provide a spatial distribution of 
air velocity and temperature. Since the existing thermal model is a steady-state, the 
dynamics of the object have to be experimentally investigated. A naturally ventilated test 
room is set up in order to provided full-scale measurements. Experimental measurements 
of the flow inside the test room is carried out over a range of external conditions and 
different supply opening size by measuring air velocity and temperature distribution using 
low-speed anemometry. 
Room specification 
(size, geometry,... ) 
Indoor temperature 
Outside temperature 
Wind velocity & direction 
Rule-based controller 
EXPERT FUZZY RULES 
Derived from: 
1. Off-line thermal 
modelling 
2. Expert knowledge 
Desired 
position of 
Position of Actuator windows windows positioner 
Figure 1.1 The schematic diagram of the Rule-base Controller 
Using the simulation program, experimental results and published results and engineering 
experiences involved in the design and control of naturally ventilated buildings, sets of 
general expert rules are developed. Several rule bases of different complexity developed 
in this research are applied and analysed. 
The design of the fuzzy control system starts at establishing certain quantization levels for 
the Input and Output variables along with Membership Functions (MF) responding to 
these quantization levels. The actual quantization levels and the MF are determined 
largely in an ad hoc manner and based on insights of the nature of the underlying non- 
fuzzy variables and the control problem at hand, (Huang 1994). The basis of any fuzzy 
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rule system is the inference engine responsible for the inputs fuzzification, fuzzy 
processing of the rule base and defuzzification of the output. The fuzzifier used in this 
particular case is very simple; the real input is fuzzified according to appropriate input 
membership function. The inference engine applies Mamdani min-max method for fuzzy 
processing of the rule base. The defuzzifier uses the centre of area method to compute the 
crisp values needed to drive the actuator, (Reznik 1997). 
Choice of the membership functions and rules is influenced by the specifics of the 
existing object. However the approach developed in this thesis can be generalised and 
applied to the other naturally ventilated buildings. 
Since software and/or hardware development are beyond the scope of this research, an 
existing software packages capable of supporting the development of a fuzzy logic 
controller and data transfer in real time is used. The controller is implemented using 
MATLAB programming environment (Mathworks 1999). Decision about software 
influenced hardware choice too. Suitable input/output board is connected to a PC hosting 
the controller. 
Designed and commissioned controllers have to be evaluated. Initially validation is 
carried out using simulation as this will offer the possibility of testing controllers under 
extreme conditions regardless of test cell physical limitations. Simulations are carefully 
designed to allow simultaneous comparison of different controllers' performances. Then 
on-line validation is carried out in a test room to validate the overall performance of the 
rule-based controller. Experimental validation will be performed in the test room by 
measuring the air flow distribution with and without controller in action. 
1.3.2 Strategic Objectives 
The strategic objectives of the work are: 
" To give an overview of the existing natural ventilation modelling methods, highlight 
the research that identifies complexity of the control in natural ventilation and rule 
base control applications in building systems (see Chapter 2). 
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" To describe naturally ventilated test room and its instrumentation together with 
establishment of the controller commissioning methodology: choice of software and 
hardware platforms and data acquisition parameters (see Chapter 3). 
" To perform steady-state off line thermal modelling of a single-sided naturally 
ventilated test room using ROOM and VENT programs and validation of simulation 
results (see Chapter 4). 
" To investigate single-sided dynamic air flow distribution through series of 
experiments for different environmental conditions and opening levels i. e. no control 
action (see Chapter 5). 
" To design a rule based controller for naturally ventilated building by choosing formal 
mathematical protocol, defming input and output variables and their linguistic labels 
and composing the rules (see Chapter 6). 
" To validate controller through computer simulation and on-line implementation 
(Chapter 7). 
" To draw conclusions from the analysis and the performance of the rule-based 
controller and propose future work (see Chapter 8). 
Chapter 2 
LITERATURE REVIEW 
Air flow and thermal comfort in naturally ventilated buildings have been the subject of 
extensive investigation over the last years (Ayad 1999, Awbi 1998, Daskalaki 1999, 
Eftekhari 1999, Etheridge 2000, Fordham 2000, Koloktroni 1999, Li 2000). A significant 
technical issue implicit in the application of naturally ventilated buildings is the air flow 
pattern produced in the occupied space. Most developed models tend to treat the 
ventilation rate as a function of stack and wind effect by some additive form (Pinnock 
1999). However, it is difficult to quantify the air movement mathematically through first 
principle derivation owing to the lack of clear definition of the interaction of wind and 
stack effects. This chapter gives a brief description of the existing natural ventilation 
models. 
Natural ventilation is known as cheap but poorly controlled system. Current practice in 
naturally ventilated buildings is mainly manual control of openings (Channer 1995, 
Martin 1995). This has resulted in over heating in summer and poor thermal comfort. 
This chapter gives an overview of existing control strategies in naturally ventilated 
buildings in order to give clear picture of the current problems in control systems. Review 
of the rule base control application in building systems is also presented in this chapter. 
2.1 AIR FLOW DISTRIBUTION MODELLING 
Research studies over recent decades have resulted in a number of models describing 
natural ventilation processes. Existing modelling tools are characterised by various 
14 
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degrees of complexity, ranging from the simplest to the most sophisticated (Kolokotroni 
1999). 
2.1.1. Empirical models 
Empirical models include simplified methodologies relating the air flow rate with the 
wind speed and temperature difference for the calculation of the mean air exchange rate 
or the average air velocity in a space under study. The majority of existing empirical 
methods for the estimation of the air velocity in naturally ventilated buildings have been 
derived from parametric analysis of data from wind tunnel tests. They refer to very 
specific outdoor conditions and simplified geometries, opening sizes and positions. 
Owing to their simplicity, empirical models provide a fast and easy first estimation of the 
air flow and velocity in simple configurations. However, their use is restricted to simple 
configurations. Moreover, as the expressions they provide are based on data from 
experiments under specific conditions, their limit of applicability is restricted within the 
range of variation of the parameters involved in the experiments (Feustel 1992, 
Kolokotroni 1999). British Standard 5925 (1990) and ASHRAE method (1997) are based 
on empirical models. 
2.1.2. Network models 
According to the concept of air flow network modelling, a building is represented by a 
grid that is formed by a number of nodes standing for the simulated zones and the exterior 
environment (Santamouris 1996, Dascalaki 1995, Awbi 1988). Nodes are interconnected 
by flow paths, such as cracks, windows, doors and shafts to form a network. Depending 
on the building design, some of them communicate with exterior nodes of known 
pressure, while others are connected only to interior nodes where pressure is unknown. 
Calculation of unknown pressure is derived by application of mass balance equation in 
each node. The theoretical background of network models lies in the Bernoulli theory, 
according to which the volumetric air flow rate Qk through a building opening k is 
directly related to the pressure difference across it: 
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Qk =f (Apk) ý2.1 
Application of mass balance on a zone i with j flow paths gives: 
ýPl 
Qk =0 (2.2) 
k-i 
Application of mass balance on each internal node of the network leads to a set of 
simultaneous nonlinear equations, the solution of which gives the internal node pressures 
and consequently the air flow rates. During the later 1980s extensive effort to develop an 
air flow model for multizone structures led to the development of some of the best-known 
models in this category like BREEZE (BRE 1992), COMIS (Feustel 1990), ESP-air 
(Clarke 1993) etc. 
The assumption of these models is that the flow is steady, inviscid and incompressible. 
Thus, these models neglect the presence of local turbulence (Dascalaki 1999, Kolokotroni 
1999). This assumption is valid when addressing the problem of bulk air flow rate 
calculation. Indeed, local eddies that are formed near the edges of a large opening are of a 
very small scale compared to the opening dimension. Thus their impact on the bulk air 
flow formation can be neglected without significant error. Therefore network models can 
give a fairly reliable picture of the bulk air flow rate in naturally ventilated buildings. 
However, when smaller-scale problems, such as the derivation of the air velocity patterns, 
are of interest, the above assumption causes significant inaccuracy in the predictions of 
the models. In this case, more sophisticated models must be applied (Kolokotroni 1999). 
For the case of single sided ventilation existing empirical and network models consider a 
steady wind blowing towards the opening and neglect the turbulent effects and the 
corresponding fluctuating pressures. Therefore, though the indoor pressure increases as a 
function of wind velocity, the ventilation rate remains constant. Experimental studies on a 
single ventilation configurations carried out in wind tunnels using a scale models and real 
buildings have shown that the effects of turbulence are significant and can not be 
neglected in the case of single sided ventilation, (Dascalaki 1995). Many authors have 
tried to describe and model the phenomena but without general success so far. Dascalaki 
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suggested improvement of PASSPORT AIR (Dascalaki 1995) based on the observation 
over the large set of experiments that inertia forces dominate over gravitational. They 
suggested the depth of the single sided ventilation rooms as a characteristic length for 
Reynolds number. This kind of correction improved correlation coefficient between the 
experimental set of data and prediction from 0.4 to 0.75. This approach has so far been 
validated for temperature differences from 0.5 to 8°C and wind speed ranging from 2 to 
l Om/s. The room depth should be between 3 and 7m. 
Network models despite their flexibility in simulating natural ventilation air flow rates do 
not provide information regarding the air velocity and temperature field in the 
investigated space (Daskalaki 1999). 
There are many network models developed in detail for the specific problem or building 
design. Most of those models are for cross-flow ventilation and not for a single sided 
which is the most common in residential areas. Li (in 2000) models air flow and thermal 
stratification in a single zone building with buoyancy driven ventilation considering the 
effect of thermal radiation between surfaces. A model for natural ventilation has been 
developed by Mathews (1994). The values of pressure coefficient used in the proposed 
model are based on wind tunnel measurements and data published by other authors. 
Mathews and others have decided to take into account the influence of nearby buildings 
on a pressure coefficient only of taller or similar height. The authors have found a 
correlation between the reduction in difference in pressure coefficient (Ocp) across any 
two facades of a building as a function of the grouping density D. The grouping density D 
is defined as the percentage of the total area in the immediate surroundings of the building 
covered by other buildings. Ocp is multiplied by a factor ß equal to 1/eo. osn. If the 
proposed ventilation model is not integrated with thermal building model (Mathews 
1994), it is necessary to specify both indoor and outdoor temperatures. The model was 
verified on two sets of measurements. The first set of measurements was carried out on 
building with internal volume of 26m3 situated in an open field. Measured wind speed at 
roof height was approximately 0.4m/s. Comparison between the predicted and measured 
values of air change rate shows a maximum error of 22% and an average error of 12%. 
The second set of measurements was conducted for a laboratory with an internal volume 
of 250m3 closely surrounded on all sides by other taller buildings. The maximum error 
was in the order of 27% with the average error of 10%. Etheridge (2000) reported the 
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results of the research investigating the conditions for which unsteady effects can be 
ignored. The aim of the research was to define in general way, by means of 
nondimensional parameters, the conditions under which unsteady wind effects need to be 
considered when calculating mean flow rates in certain types of purpose-designed 
naturally ventilated buildings. Based on the simplifications of unsteadiness of the flow, 
relevant mathematical models can be divided into 4 groups as presented in Table 2.1. 
Table 2.1 Summary of natural ventilation models (Etheridge 2000. ) 
Model Flow equation Continuity equation 
Pseudo steady q= Cs "A2.4, /p 0=q, +q2 
Quasi steady q{t} = C, "A2" tip(t) /p 0=q, 
{t} + q2 {t} 
incompressible fluid 
Quasi steady q{t} = C, "A2" Ap{t} /p 
. yd'=t t) + p2 {t} " q2 {t} 
compressible fluid ' 
Quasi steady/ q2{t}+2. C; A. t. 
dq (11 
dt 
1 do, 
=p, {t}q, {t}+pz{t}"qz{t} Y 
Temporal inertia 2 0: As Ad" 
d Pý 
assumption 
p 
Pseudo steady model assumes that time-averaged flow characteristic of an opening is the 
same as that for truly steady flow and that compressibility of the air has no effects on the 
mean flow rate. It is this model that is invariably adopted for practical design procedures. 
The last model (Quasi steady/temporal inertia assumption) intend to take account of the 
inertia of the mass of air which is accelerated under unsteady conditions. The main 
conclusions of this research were that there is a little benefit to be gained by including the 
effects of compressibility and inertia if the large proportion of the energy in the wind 
pressure fluctuations lies at nondimensional frequencies below about 0.5. It should be 
restated that the conclusions concern mean flow rates in spaces with only two well 
defined openings. As a general rule though, compressibility and inertia effects should not 
be treated in isolation since it appears that they have a balancing effect. Although all those 
models offer a great inside look into the specific problem they are researching, they can 
hardly be generalised and used for control purposes. Again most of them are offering 
information about air flow rates rather than temperature or air velocity field. Also all of 
them are making use of a single averaged value for the pressure at all points on each 
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facade. All openings on the same facade will therefore have the same wind pressure 
coefficient which is especially not suitable for the control purposes of the single sided 
naturally ventilated buildings. 
Few attempts of using TRNSYS in natural ventilation modelling have been reported. 
Ternoveanu (1999) has used it to simulate natural ventilation in dwellings. Simulation 
results were not experimentally verified, but the paper offers thorough sensitivity analysis 
of the model parameters. 
2.1.3. CFD models 
Computational fluid dynamics (CFD) models has become over last few years a state of 
the art models for the description of air flow processes. Based on the solution of the 
Navier-Stokes equations for the conservation of mass, momentum and energy, these 
models provide a detailed description of the air velocity, pressure and temperature fields 
in enclosures (Dascalaki 1999). For the description of the turbulent part of the flow these 
models use state of the art algorithms. Nevertheless, despite their wide application (for 
example in the field of aeronautical engineering), the use of these models for the study of 
natural ventilation air flow processes has been limited to the research area partly because 
of their complexity but also due to very limited knowledge about boundary conditions 
(Kolokotroni 1995). 
Papakonstantinou (2000) reported good agreement between measured and predicted 
temperature inside a space, difference between measured and predicted values being 
between 0.4 and 1.2°C. The research has been done under the framework of PHOENICS 
commercial CFD code using k-c turbulent model. Awbi at el. in 1996 reported the results 
calculated by VORTEX CFD code, (Gan 1994). Air flow rates and velocity profile 
through an opening were overestimated due to usage of referenced values for wind speed 
and pressure coefficients. Ayad (1999) presented results of CFD modelling including 
mean velocity vectors, stream lines and turbulent eddy viscosity inside the room. Results 
were presented for six different configurations of openings in cross ventilation. The 
results were not experimentally verified. 
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The accuracy of the CFD modelling depends strongly on the accuracy of input data. In 
case of natural ventilation the boundary conditions cannot be defined with high accuracy 
since the outdoor conditions like the wind in particular keep changing in an unpredictable 
manner. According to Dascalaki (1999) no comparison of theoretical predictions with 
experimental data from full scale single-sided naturally ventilated spaces have been 
reported so far. 
2.1.4 Wind Modelling 
The key to accurately model natural ventilation lies in accurate prediction of two natural 
forces and their combined effect. Prediction of the external pressure due to wind is 
usually based on either exact scale models tests in a boundary layer wind tunnels or 
results of detailed numerical analysis of the flow around the building. Both methods are 
difficult and expensive and of course also have a degree of uncertainty associated with 
them. Many of the detailed studies on individual buildings have been published, but the 
difficulty of generalising the pressure coefficient information in a manner suitable for 
inclusion in program codes has yet to be resolved, (Hoxey 1993,1994). 
Ayad (1999) presented results of CFD modelling including mean velocity vectors, stream 
lines and pressure distribution around the building. The model is verified for the case of' 
two-dimensional flow around a long square cylinder immersed in the atmospheric 
boundary layer. Figure 2.1 shows the most favourable comparison between calculated 
values presented by the solid lines and experimental values presented by the dotted lines. 
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Figure 2.1 Comparison of modelling results with experimental values (Ayad 1999) 
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Comparison between different CFD models (large eddy simulation - LES, the differential 
stress model - DSM, the algebraic stress model - ASM, standard k-c viscosity model - k-c 
EVM) in predicting mean pressure coefficients was published by Murakami (1996). 
Experimental validation has shown, according to authors, that LES agrees well with the 
experimental data and that significant inaccuracy in the results of k-c EMV are improved 
remarkable in ASM. Models were compared to experimental results obtained for a cube- 
shaped model 200mmm in height placed in the turbulent boundary layer with Reynolds 
number around 8.4* 104. Norwegian Technical University (NTH/SINTEF) developed 
CFD program Kameleon II based on standard k-c viscosity model. According to Mikelsen 
(1993) Kameleon II shows good agreement with measured pressure coefficients for both 
windward and leeward facades, but performs worse for roof, especially at the points close 
to the edge where suction is underestimated by up to 50%. Zhou and Stathopopulos 
(1996) have shown that two-layer method gives better prediction than standard k-c 
viscosity model, but nevertheless still fails to predict separation above the roof and the 
side walls. Differences between full scale measurements and wind tunnel tests have been 
reported in (Okada 1992) and (Paterson 1992). The results showed good agreement in 
terms of mean wind pressure coefficients. 
CPCALC+, (Grosso 1992), is probably the best established parametric model of pressure 
coefficients and it is practically the only parametric model that gives local Cp values. The 
model itself was developed under the framework of COMIS (Feustel 1992) based on the 
parametric analysis of wind tunnel test results. It was developed on the basis of 3 different 
wind tunnel tests. In first one Cps were measured on block-shaped models of different size 
with different surrounding layout patterns and densities and with only one wind direction 
in an atmospheric boundary layer wind tunnel. A second test was performed in industrial 
aerodynamics wind tunnel on various block-shaped models with two height values for 
five different wind incidence angle, but without density simulation. Third test had the 
same boundary conditions as the first one but in closed circuit wind tunnel corresponding 
to three different terrain roughness including models with single slope tilted roof and with 
gable roof. Modelling wind pressure distribution according to a parametrical model 
approach means finding an algorithm calculating the variation of C. on the envelope of a 
building when varying wind direction, architectural and environmental conditions. 
Because of the stochastic nature of the wind pressure distribution around the building, 
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such an algorithm has to be drawn by empirical correlations of time averaged Cp values 
from wind tunnel tests. Three types of parameters were taken into account: 
" Climate parameters are wind velocity profile exponent a and wind incidence 
angle. 
" Environmental parameters are the plan density and the relative building height. 
" Building parameters are describing building dimensions in relative terms and 
relative position for which pressure coefficient has been calculating. 
A regression analysis on Cp data from the reference wind tunnel tests was carried out in 
order to obtain the deviation range of Cp for each parameter from Cp values chosen as a 
reference. 
2.1.5 Non-deterministic modelling approach 
There have been several attempts to use non-deterministic approaches in order to handle 
the uncertainty related with physical parameters involved in natural ventilation. Fuzzy 
logic obviously provides a very interesting platform for building models for the processes 
where randomness is the main characteristic. Based on experimental data, a fuzzy 
estimator to predict air flow in single-sided ventilation is developed and described by 
Dounis (1995). The fuzzy estimator uses three input parameters: window to wall area 
ratio, projection of the wind speed on the normal to the window and absolute temperature 
difference between indoor and outdoor. It was found that both experimental and 
theoretical results match quite well with a correlation coefficient close to 0.96. However, 
the number of training data was not sufficient to completely cover the domain of variation 
of the inputs, while the number of data for validation was very small. Dascalaki (1999) in 
another study reported a fuzzy estimator predicting air speed at a specific point (x, y) on 
the surface of a large external opening. Three types of inputs have been considered: the 
wind velocity as measured in front of the test cell, the wind direction also measured in 
front of the test cell and the mean indoor outdoor temperature difference. The temporal 
variation of the profile of the air velocity on a large opening is a random variable. The use 
of fuzzy techniques to describe such a process presents an important interest. It is 
interesting to investigate in which cases appropriate fuzzy rules can be developed based 
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on the existing inputs, which are also random variables, as well as whether such a fuzzy 
estimator can be generalized. The ANFIS-Adaptive Network in the frame of MATLAB 
Fuzzy Logic Toolbox has been used for training data in the research conducted by 
Dascalaki. It was found that a built model gives satisfactory predictions of the air velocity 
at the level of the opening for both the training and checking data, while the trend of 
predicting data is also satisfactory. The authors concluded that as randomness is the main 
characteristic of air velocity on an external opening, available data can be used to build 
models. However more research is necessary on this subject. Kindangen (1996) and 
Kraus (1997) have reported Neural Network application to predict non-dimensional 
parameter interior velocity coefficient defined as the ratio of the zone mean air velocity to 
exterior windward flow velocity. They studied networks with three layers (one of which 
is hidden) and four layers (two of which is hidden). Soteris (2001) reported the 
application of general regression neural network with one hidden slab on predicting 
pressure coefficients on the opening of a single sided naturally ventilated test room. In 
both cases correlation coefficients between measured and predicted values higher than 0.9 
were obtained. Universal estimators can obviously create input-output function without a 
mathematical model since they learn from experience with numerical data sample and 
they certainly offer an alternative way to tackle complex and ill-defined problems. But a 
certain number of disadvantages should be mentioned. The knowledge contained in not 
legible unlike that which is contained in the rule-based systems. The constitution of 
training data set is not an easy task requiring the implementation of either experimental or 
numerical means. In order to make this method more usable, the training database must 
contain actual measurements from a number of applications. Predictions to actual 
buildings can possibly be performed provided that a number of suitable sensors are 
installed together with a data acquisition system in order to create a database with 
combinations of possible conditions and required output. This can subsequently be used 
to train a suitable neural network. 
2.1.6 Conclusions 
Successful conventional control is not possible without reliable mathematical model of 
the control object. Air flow pattern in naturally ventilated objects presents one of the most 
difficult modelling problems. Even with the most advanced modelling techniques results 
are not accurate enough for the negative feedback loop. It seems that at the moment there 
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is no model available that will give accurate enough prediction of both dynamic and local 
distribution of thermal comfort indicators. 
2.2 NATURAL VENTILATION AND THERMAL COMFORT 
Existing thermal comfort standards (ASHRAE 55 1996 and ISO 7730 1994) were derived 
and based on Fanger's theory and offer a deterministic or objective approach to thermal 
comfort evaluation. According to Fanger human heat balance is affected by the following 
parameters: environmental factors (air temperature, mean radiant temperature, air velocity 
and water vapour pressure in the air) and personal factors (metabolic rate, work rate and 
thermal insulation of clothing). In late 60s Fanger developed a comfort equation based on 
heat balance equation as a function of six thermal environmental and personal parameters. 
Work rate is assumed close to zero which corresponds to the office environment. Using 
his own and other data collected from climate chambers experiments, Fanger than used 
the thermal comfort equation to predict a value for the thermal sensation on the 7 point 
scale: from -3 for cold to +3 for hot. This scale is known as predicted mean vote (PMV). 
Later on using experimental data Fanger correlated the percentage of dissatisfied (PPD) 
with the PMV. In other words according to Fanger's theory, knowledge of six basic 
parameters (work rate is practically zero) is all that is needed to predict thermal sensation. 
On the other hand according to ASHRAE and ISO standards thermal comfort can be 
defined as "that condition of mind which express satisfaction with the thermal 
environment" what implies a psychological dimension. 
In their current form these standards establish relatively tight limits on recommended 
indoor thermal environments. Originally ASHRAE standard 55 was intended to provide 
guidelines for centrally controlled HVAC, however in the absence of any credible 
alternative Standard 55 is applied universally across all building types and climates. As a 
consequence, even in relatively mild climate zones, it is hard to meet the standard's 
narrow definition of thermal comfort without mechanical systems, (Brager 2000). 
The current approach of predicting thermal sensation works well in fully air-conditioned 
buildings, in naturally ventilated buildings discrepancies have been found between actual 
comfort sensations reported by occupants and the values predicted by the current comfort 
model (Brager and de Dear 1998). The most plausible explanation for these differences is 
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the contextual influence of building thermal history and its effects on human 
expectations; past thermal experiences in a building create a benchmark for expectations 
of future thermal performance. In naturally ventilated buildings indoor temperatures more 
closely follow the variations in outdoor temperatures. People recognise this, relax their 
expectations and not only become more tolerant of the more varied, dynamic and non- 
uniform indoor conditions, but often prefer having a closer connections with weather and 
seasonal changes. The adaptive approach to thermal comfort modelling acknowledges 
that thermal perception is influenced by the complexity of past thermal history and 
cultural and technical practice (Brager and de Dear 1998). Thermal adaptation in the built 
environment can be attributed to three different processes - behavioural adjustment, 
physiological acclimatisation and psychological expectation. Physiological adaptation 
refers to biological responses that result from prolonged exposure to characteristic and 
relatively extreme thermal conditions. Behavioural adaptation refers to any conscious and 
unconscious action a person might take to alter their body's thermal balance. The 
psychological dimension of thermal adaptation refers to an altered perception of and 
reaction to physical conditions due to past experience and expectations. According to 
Brager and de Dear (1998,2000) benefits can be gained from an improved understanding 
of the influence of adaptation on thermal comfort in the built environment potentially 
including more sophisticated and responsive control algorithms. 
Olesen (2000) has published an overview of most important issues being addressed 
during proposed ASHRAE Standard 55 revision and Brager and de Dear (2000) proposed 
a standard for natural ventilation. 
In previous years a few research projects have been conducted looking into thermal 
comfort aspect in naturally ventilated buildings. Eftekhari (1998,1999) has reported the 
results for single-sided naturally ventilated test room for both winter and summer 
conditions also looking into the impacts of wall material and window selection on thermal 
comfort. Raja and Nicol (1998,2001) published the results of an extensive year long 
research of thermal comfort of naturally ventilated buildings in UK. Thermal comfort 
during the summer season in naturally ventilated buildings was investigated by Aynsley 
(1999) in Australia and Ealiwa (2001) in Libya. Findings from 51 buildings in Libya, 
which were either naturally ventilated with courtyards or fully air-conditioned, had shown 
that ISO 7730 standard can only be used in air-conditioned buildings. Occupants were 
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more satisfied and thermally neutral in old naturally ventilated buildings (54% were 
feeling neutral and 8% were feeling hot compared to 15% feeling neutral and 33% hot in 
the new air-conditioned buildings). It should however be mentioned that cultural context 
certainly plays an important role in these findings. 
In summary, most of the published research indicates that the deterministic approach to 
thermal comfort (Fanger's model) does not work well in naturally ventilated buildings. It 
also seems that people prefer the free floating buildings compared to air conditioned with 
a fixed indoor temperature level around the temperature set point regardless of the 
environmental conditions. 
2.3 CONTROL AND NATURAL VENTILATION 
2.3.1 Conventional control application in naturally ventilated buildings 
Current practice in naturally ventilated buildings is manual control of openings or 
seasonal operation (Channer 1994, Martin 1995). Martin (1995) has reported on two 
research projects "The control of natural ventilation" and "Night cooling control 
strategies" which led to the development of generic control strategies. These have evolved 
from consideration of the control strategies used in naturally ventilated buildings utilising 
Building Management System control together with experience obtained from monitoring 
three naturally ventilated buildings. The site monitoring suggested that the buildings 
would benefit from further fine tuning of the control systems in order to enhance their 
performance both in terms of achieved internal temperatures and reduction in energy 
consumption for hybrid systems (natural and mechanical ventilation). 
Cable and Wireless College monitoring during summer season (Martin 1995), where 
vents are under manual control, has shown that windows generally remain in their initial 
position throughout the day. Only on two out of 36 monitored days were further 
adjustments made. The temperature was often above the external air temperature. It has 
also been observed that on many monitored days internal temperature in the morning was 
up to 6°C higher compared to outside temperature, although a structure is a lightweight 
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building. The use of automatic control of vents in this case would have helped to reduce 
the maximum internal temperature specially if combined with night cooling. 
CIBSE Natural Ventilation in Non Domestic Buildings Application Manual (CIBSE 
1997) discusses control in terms of proper definition of control strategy. It offers a 
recommendation that if building is in cooling mode ventilation should be controlled in 
relation to internal temperature. It also emphasises that the way in which the opening vary 
should not just be a function of the required ventilation rate, but also of the prevailing 
weather conditions since these will influence the driving forces. Kolokotroni et al (2001), 
based on monitoring of several naturally ventilated buildings, recommends design of 
appropriate ventilation strategies in relation to the prevailing external conditions. 
Knoll (1998) has reported on development of controlled natural ventilation system (CNV) 
which is supposed to calculate and set optimum grill positions depending on the 
meteorological conditions, inside temperature, required ventilation flow and allowable 
draft as shown in Figure 2.2. 
Meteo information 
.................... 
Outdoor temperature 
Control Local 
Grill 
Indoor temperature 
setpoint Local unit 
_*_11 
External input 
vPntilatinn flnw 
Databus 
(Grill positions) 
Figure 2.2 Control Natural Ventilation System scheme, (Knoll 1998) 
The principal controller of the CNV is a computerised ventilation simulation model. For a 
matrix of occurring situations the model produces an output table with the optimal grill 
positions. A local weather station measures the actual weather conditions and the indoor 
temperature is also measured. Measured data together with users ventilation set point 
forms the input for the programmable logic controller (PLC). The PLC looks up the 
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occurring condition in the output table and calculates from the ventilation set point the 
optimal grill position. This information is then send as an output to local grill controllers. 
There are no on-line ventilation calculations performed by PLC. The ventilation model is 
based on network approach. The major input variable for the ventilation model is the 
wind pressure distribution over the building which is determined empirically by training 
data. For that purpose a computer program has been developed called `Cp Generator'. 
The Cp Generator is based on data of wind tunnel tests for typical block shaped building 
that were carried out systematically for different terrain roughness and surrounding 
densities calculated for inside diameter of 5 time building height. Results from the Cp 
Generator for the front facade are presented in Figure 2.3. The difference between 
measured and calculated pressure coefficients clearly depends on the wind direction, 
although overall calculated values show a fairly good agreement with measured values. 
Cull 
Figure 2.3 Comparison between measured and calculated Cpfor the front facade, (Knoll 
1998) 
One set of the evaluation results of the whole system is shown in Figure 2.4. The results 
are indicating that there is a large off set between set point and real air flow values. 
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Figure 2.4 Example of evaluation results, (Knoll 1998) 
Results obviously indicate that it is very difficult to implement set point control approach. 
Importance of input data reliability has led to investigation into different methods of 
calculating pressure coefficient values. These have been discussed and presented in detail 
in Chapter 4. 
2.3.2 Rule based control application in buildings 
Different aspects of fuzzy logic application in building systems have been reported over 
the last years. They were mainly focusing on fuzzy logic controllers performance in 
different air condition systems, but also looking into fuzzy logic applications in building 
management systems, optimisation, thermal comfort and other aspects. 
Hang (1994) reported that computer simulation and experiments have shown that fuzzy 
logic controllers (FLC) perform better than conventional controllers in the case of 
building heating ventilating and air conditioning (HVAC) systems. In particular FLCs 
appear to be very useful when the processes are too complex for analysis using 
conventional control algorithms or when the available information is qualitative, inexact 
or uncertain. Computer simulation results of applying fuzzy logic based control to central 
all air system plus variable air volume systems were reported by So (1994). System had 
five control loops: supply air damper, supply air fan, cooling coil, reheater and 
dehumidifier. Results are suggesting that fuzzy logic based control is more robust, has 
Ums [min] 
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better response rate and saves energy compared to PI control. Lea (in 1996) reported an 
outline of the conceptual design of a heating, ventilating and air conditioning control 
system based on fuzzy logic principals. This system has been embedded in 
microprocessors with interfaces to the sensors, compressor and air circulation fan and 
installed in a test building. The reported fuzzy controller has been developed primarily for 
residential applications. Based on the input information about relative humidity, 
temperatures and set points, controller decides on new set points, compressor speed, and 
fan speed and vent position. An expert controller for air handling unit (AHU) was 
developed using a predictive control approach by Ling (1994). The design of the 
predictive control algorithm is based on prior-knowledge of the plant and a rule based 
supervisory is used to optimize the control performance. Experimental results were 
presented which show that the use of a rule based supervisory can lead to significant cost 
saving without unacceptable decrease in comfort levels. The results also demonstrate that 
the expert, rule-based, controller is able to compensate for day-to-day variations in 
comfort performance. 
Application of proportional and proportional-integral fuzzy control in building 
management system (BMS) for both zone temperature and humidity has been reported by 
Virk (in 1996). BMS was responsible for three control circuits: of heater, cooler and 
humidifier. The results were rather satisfactory. 
Kuntze and Bernard (1998) have reported a fuzzy concept in multi objective optimisation. 
Based on the arbitrary selected cost-comfort weighting factor as well as the inside and 
outside climate parameters (temperature, humidity, C02 concentration level) and the 
number of people in the room, the optimal reference values of inside temperature and air 
change rate are computed by supervisory control system. 
The fuzzy logic application to predict the energy usage by HVAC systems is reported by 
Kajl et al 1995. Very advanced fuzzy control system was used for a control of a road 
tunnel ventilation system, (Chan 1998). Gofbaner (in 1993) reported the application of 
fuzzy control on heating systems. The FLC uses five input variables, four of which are 
derived from the measurement of the boiler water temperature curve: average of previous 
day's energy consumption, current energy consumption, heat trend and short term trend. 
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Fifth input variable, the daily/annual load profile, enable rules plausibility. Carried out 
test showed that load changes are quickly recognised by FLC system. 
The process of developing knowledge base, described in details by Shams (1994), is not 
always straight forward. Significant differences among the expert can arise because in 
most cases experts' opinions are based on their own personal experiences. There could be 
also cases where sharp disagreements exist between technical literature and practicing 
engineers. 
Hamdi and Lachivier (1998) proposed a HVAC control strategy with the maintaining of 
constant indoor thermal comfort rather than a constant indoor air temperature. There are 
many available detailed thermal comfort models, but they are practically impossible to 
use in control systems. Its complexity and iterative processing makes them difficult to 
implement in real time applications and also human sensation of thermal comfort is rather 
vague and subjective. The comfort range can be therefore evaluated as a fuzzy range 
rather than a crisply defined comfort zone. Presently, the fuzziness is not eliminated with 
the conventional HVAC control techniques, it is simply ignored by considering them as 
air temperature control problems. To overcome these problems authors are suggesting 
fuzzy modelling and a structure of a controller as in Figure 2.5. 
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Figure 2.5 Thermal comfort levels (TCL) based control oj'HVAC'svstem, (Hamdi /998) 
The occupant perception of the indoor climate 
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The TCL based fuzzy system starts with the evaluation of the indoor thermal comfort 
level depending on the state of the six parameters: air temperature, relative humidity, air 
velocity, mean radiant temperature, clothing insulation of the occupants and their activity 
level. 
If the estimated thermal comfort level is out of comfort range, the control algorithm will 
provide the air temperature and the air velocity set points that should be supplied to the 
HVAC system in order to create indoor thermal comfort. A system has been tested 
through simulation. For numerical simulation TRNSYS and MATLAB were used. For 
comparison purposes the performance of the three HVAC control systems were studied: 
constant set point thermostat, night setback thermostat and TLC based fuzzy system. The 
simulation results had shown that TLC based fuzzy system can provide better comfort at a 
lower cost. 
Dounis (1994) has reported implementation of fuzzy logic in developing a control scheme 
for visual, thermal comfort and IAQ in buildings. A controlled space was a room 5x5x3m 
in dimensions with south oriented window. The visual comfort control system was aimed 
to produce a control strategy for a shading system fitted to the window that will keep the 
lighting level and the glare for a user looking towards the window within a comfort zone. 
Fuzzy control system for thermal comfort regulates window opening angle, auxiliary 
heating and auxiliary cooling. It has two inputs: PMV and ambient temperature each with 
13 and 5 linguistic variables respectively. These variables generate a maximum number of 
65 rules which has been reduced to 25. A fuzzy control system aims to make a correct 
decision about which actuator to use according to environmental measurements in real 
time. Fuzzy control system for the IAQ uses CO2 concentration as indoor air quality index 
and control variable is window opening area. Results have shown that satisfactory IAQ 
levels can be maintained, while good stability of the control variable (i. e. window 
opening area) was achieved. The impact of such a controller on indoor-air temperature 
was also studied (Dounis 1996). Simulated values for the indoor air temperature were 
between 25°C and 31°C. The performances were not as good as expected, but were not 
negligible when compared with the normal conditions of use of the building. Holmes 
(1997) has studied the effectiveness of a simple rule-based controller for natural 
ventilation through extensive simulation analysis and the work demonstrated the need for 
a more comprehensive rule based controller. 
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Practically all of the fuzzy systems and rule-based controllers dealing with naturally 
ventilated buildings and/or thermal comfort have as inputs ambient temperature, indoor 
temperature and air velocity. 
2.3.3 Conclusions 
Very limited research on practical implementation of the rule based control approach in 
naturally ventilated buildings is available. Much more work has been published for 
HVAC systems and air conditioned buildings. Obviously some elements of that approach 
can be implemented in naturally ventilated building applications, such as choice of input 
variables and membership functions. On the other hand considering that in naturally 
ventilated buildings there is no plant that provide a certain design air flow, but the 
comfort and air flow depends on the constantly changing outside/inside conditions, it 
would be reasonable to expect some major differences. Also it is very important to 
acknowledge the observed differences in thermal comfort perception in naturally 
ventilated and air conditioned buildings. Latest research in the area of adaptive thermal 
comfort suggests that strict set point approach does not seem to be the most appropriate 
for naturally ventilated buildings. Interaction between internal and external parameters 
seems to be more important in the control of free floating buildings compared to more 
responsive air conditioned buildings (Kolokotroni 2001). 
Single-sided naturally ventilated building represents a system whose main characteristic 
is randomness. Fuzzy logic thus provides an interesting platform for control system 
design. Although an application of fuzzy logic approach has been reported on few 
different aspects of naturally ventilated buildings (Dounis 1994 and 1996, Holmes 1997), 
so far nothing has been reported on its implementation to a flow control element. The 
aim of this study is to develop a rule-based controller, commission and validate it using a 
single-sided naturally ventilated test room. 
Chapter 3 
TEST ROOM AND INSTR UMENTA T IO N DESCRIPTION 
The aim of the research is to develop a rule based controller of naturally ventilated spaces 
with a view to improve thermal comfort of naturally ventilated spaces. In order to provide 
full-scale measurements and implement the controller on-line a suitable test room needs 
to be identified and the instrumentation requirements ascertained. In this chapter a single 
sided naturally ventilated light mass test room is described. Sensor description and their 
mounting arrangements are presented. The parameters to be measured must be relevant to 
the controller operation, mechanisms of natural ventilation and thermal comfort. The local 
weather station has been installed to measure environmental parameters (outside 
temperature, wind speed and direction, outside air pressure and humidity). The multi flow 
analyser has been used for indoor air speed and temperature measurements and low 
pressure differential transducers were used to measure the pressure across the openings. 
Also the process of controller commissioning is described in full details. The software 
platform for the controller on line implementation was selected to be MATLAB. The 
decision about the software influenced the hardware choice. National Instruments Low- 
Cost Multifunction Lab-PC-1200 board was used as the input/output board. 
3.1 TEST ROOM DESCRIPTION 
It has been decided that a test room should be a single-sided, light mass, naturally 
ventilated room preferably in a shelter location. An existing single room portable cabin 
was meeting those requirements. It is located on the north facing side of the main 
Al 
Chapter 3 TI: ST ROOM AND 7NS1Rl 'Al1%A 7.177OA' l)I S'('K/Pl7O, \ 45 
laboratory block of the Department of Civil and Building Engineering at the 
Loughborough University as shown in Figure 3.1. The test room is surrounded by 
buildings of a similar height with the exception of the laboratory block immediately to the 
south, 9.5m high, and a water tower adjacent to the south-west corner, I 7m tall. The test 
room itself is 2.7m high. The line of sight on the north side of the test room is clear apart 
from some trees l Om distant. 
Car Park 
Main Laboratory Building, 120m long, 9.5m high 
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Figure 3.1 Plan and elevation of Test room location showing proximity to surrounding 
buildings 
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A single-sided configuration is often encountered among buildings in an urban 
environment. They are often in sheltered, in-fill locations. Although the location of a test 
room is maybe not ideal, the test room represents a typical example of a naturally 
ventilated low-rise structure in an in-fill location. The size of the test room corresponds to 
a size of an office. Lighting, which is fluorescent, together with the present equipment in 
the room (computers used for the measurements) completely creates a typical office 
setting. Office buildings are generally light-weight buildings unless they combine passive 
systems for natural ventilation when the mass of the building increases. From the control 
point of view a lightweight structure has a fast response time and thus represents an 
optimal choice for a control object for the purposes of control testing. 
A door and a single window (with blinds) are located in the south facade, a double 
window (each with blinds) on the west facade. The north and east facade of the test room 
were originally blank walls but louvered openings were subsequently installed in the 
north facade for the purpose of the experiments. The internal dimensions measure 2.22m 
high by 3.42m long by 2.93m wide; the short facade runs east/west. The louvre bulkhead 
is orientated to face 300 away from magnetic north. 
The louvres donated by Robertson Vogue Limited were fitted adjacent to each other in a 
two by two formation, Figure 3.2. Each louvre unit has the overall dimensions of 
1250mm wide, 800mm high and 200mm deep and contains 5 off 120mm wide adjustable 
louvre blades (see Figure 3.3). The louvres cover just over 60% of the bulkhead area with 
a capability, when fully open, to provide an aperture equivalent to approximately 28% of 
the bulkhead area which is again a representative value for the typical office space. 
Figure 3.2 External view of the north facing bulkhead showing 4 sets of louvres two of 
which are adjustable 
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Each adjustable louvre unit was controlled by a motor to accurately regulate the degree of 
opening of the louvre blades. Figure 3.3 shows a side view of the one louvre set with the 
side casing removed. Two side control bars are attached to the ends of the louvre blades 
to enable operation of the louvres. A cross bar connects the side control bars and the 
actuator motor attaches to the cross bar. The control link bars shown can be fitted to allow 
for disconnection of the louvres from the side control bars so that some of the louvres 
remain closed when the control bars are actuated. 
Figure 3.3 Sectional view through one louvre set, showing five off louvre blades in the set 
in shut and open position 
3.2 SENSORS DESCRIPTION 
3.2.1 Parameters to be measured 
In order to establish the instrumentation required the parameters to be measured need to 
be addressed. The aim of the research is to develop a rule based controller of naturally 
ventilated spaces with a view to improve thermal comfort of naturally ventilated spaces 
hence to encourage the use of natural ventilation. Therefore, the parameters to be 
Louvres Shut Louvres Open 
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measured must be relevant to the controller operation, mechanisms of natural ventilation 
and thermal comfort. The main parameters needed to be measured become self- 
explanatory, but there are other parameters that are not so apparent. Generally the 
parameters making up the data to be measured can be divided in three groups of 
categories: 
i. parameters directly involved in the subject under investigation, 
ii. parameters that may have an impact on the investigation and 
iii. parameters that could be helpful in understanding the problem. 
The basic purpose of any controller would be to assure comfortable temperature levels in 
naturally ventilated spaces provided that at the coarse level of control - building design - 
minimal fresh air ventilation requirements have been satisfied. Based on outside and 
inside temperature relation, the outside air should be either allowed or prevented from 
entering the naturally ventilated space. Parameters directly involved in the controller 
operation and at the same time representing driving forces for the natural ventilation are 
outside temperature, inside temperature, wind speed and wind direction. Parameters that 
may have an impact on investigation are outside air humidity and air pressure since they 
can enable the full description of outside air conditions. Total pressures across the 
louvers at top and bottom levels inside and outside were measured as parameters that 
could be helpful in understanding the problem together with the internal air velocities. 
Knowing the exact pressure across the openings could help a better understanding of a 
pressure profile around the building. The internal air velocity measured at different 
heights throughout the test room will provide an indication of the internal airflow pattern 
and thus also comfort feeling. 
3.2.2 Instrumentation 
The parameters summarised above were measured using the following sets of equipment: 
i. Datahog2 weather station for wind speed and direction, external temperature, 
atmospheric pressure and relative humidity, 
ii. Furness low-pressure differential transducers for pressures across the louvres and 
iii. Dantec multi-channel flow analyser for internal air temperature and velocity. 
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Datahog2 is a weather station consisting of five channel data logger with integral 
thermometer and hygrometer, Mains Hog power supply, wind vane, anemometer and 
barometer. Anemometer accuracy is 0.1 m/s or +/-1 % of reading. Wind vane accuracy is 
+/-20. The wind vane and anemometer were mounted on opposite end of a short bar that 
was centrally attached to the top of a mast. The mast was fixed to a bracket mounted off 
the north facade of the test room. The resulting location of the wind vane and anemometer 
was roughly 1000mm out from the north facade of the test room and 300mm above the 
roof level. The logger, incorporating the thermometer, hygrometer and the barometer 
were mounted on their own brackets projecting from the base of the mast. The 
thermometer and hygrometer were protected from direct solar sunlight by a solar 
radiation shield. The weather station arrangement is shown in Figure 3.4. It was mounted 
locally due to a sheltered location of the test room. Correlation between local and general 
weather data are published in (Eftekhari, 1998). The local wind velocity was almost 60% 
smaller compared to the velocity measured at 10m above the ground and whilst the 
prevailing wind direction is well distributed, in 95% of the cases the local wind direction 
was either westerly or easterly. 
Figure 3.4 Location of Datahog2 weather station with sensors on test room 
The Datahog2 has associated PC driven software for tuning the data logging functions, 
monitoring the recorded data and downloading data. Once the settings have been chosen 
Datahog2 can operate as a stand-alone data-logging unit. The data storage capacity of 
Datahog2 is obviously finite and the data span covered by data when the storage capacity 
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is full depends on the number of sensors connected and the frequency of successive data 
storage events. However, a continuous weather record was taken by regularly 
downloading data to a PC before the storage capacity was full. A short period of time 
existed when data could not be recorded because Datahog2 cannot log data while in 
download mode. More information on Datahog2 is given in Appendix A. 
The Dantec multi flow analyser can measure air speed and temperature in several points 
simultaneously. The measured air velocity is omni-directional; i. e. only magnitude and 
not direction of the velocity can be measured. The equipment comprises 24 air speed and 
temperature sensors, multi-channel flow analyser and software. The sensors were 
mounted horizontally on four masts to measure the air velocity and temperature at 
different height levels within the test room in four different locations. Air speed sensor 
accuracy is 0.01m/s or 3.5% of reading for the range of velocities between 0.05 and lm/s. 
Temperature sensors have accuracy of 0.5°C (see Appendix A). 
The top sensor on the mast was in-line with the upper opening and the one before the 
lowest sensor on each mast was in-line with the lower opening. The other sensors were 
more or less equally spaced along the mast. The mounting arrangement of the sensors is 
shown in Figure 3.5. 
Mast 
- Mid height of upper opening 
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JSupport Baas 
floor 
Figure 3.5 Dantec air velocity and temperature sensors mounted horizontally in groups of 
six and four on a support mast 
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Two of the masts were located near the louvre bulkhead adjacent to the openings, the 
other two were located further into the test room away form the louvres. At a late stage 
during the experiments some sensors became unavailable. The mounting arrangement was 
then that two masts had six sensors mounted on each and the two remaining masts had 
four sensors each, leading to a total number of 20 sensors. 
Connecting the Dantec multi-flow analyser to a PC allows the equipment to be driven 
through the PC and measured data to be downloaded to the hard drive of the PC after each 
sampling period. It also enables the measurements from all channels to be monitored 
simultaneously either in tabulated or graphical format. 
Four Furnace Controls Limited differential pressure transducers type FC044 were used to 
measure the pressure across the top and bottom louvres openings. Those instruments are 
based on a capacitance transducer of unique design suitable for the low range 
measurement from 0-20 Pascals. Accuracy including hysteresis is +1-0.5% FSD. They 
were mounted in a vertical position on the wall next to the louvres facing down (see 
Figure 3.11, item 9) thus meeting the optimal working conditions. The top and bottom 
measuring points in respect to the louvre openings are shown in Figure 3.6. 
Louvre 
Top 
Pressure 
II Probe 
Inside Outside 
Bottom 
Figure 3.6 Location of differential pressure transducers 
Figure 3.7 Outside mast 
with pressure probes 
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All pressure probes were mounted on masts. The outside mast with probes is presented in 
Figure 3.7 whilst the inside mast can be observed in Figure 3.11 (item 10). 
3.3 CONTROLLER COMMISSIONING 
The controller must answer certain demands: to be capable of processing on-line 
measured data and to act in real time. Since software and/or hardware development are 
beyond the scope of this research, a strategic decision was made to use existing software 
packages capable of supporting the development of a fuzzy logic controller and data 
transfer in real time. An existing 266Mhz Pentium II with 64MB EDO memory PC and 
Microsoft Windows 95 operating system was chosen to host the controller. The software 
choice was selected to be MATLAB programming surrounding. The choice of Data 
Acquisition Toolbox against the Real-Time Workshop has been made considering that 
this particular control application is relatively slow (in the range of minutes). The on-line 
action of the controller could thus be performed in a quasi real time mode. The controller 
would perform its task repeatedly as long as it was programmed for it. Considering the 
response time of the test room, but also the stochastic nature of the natural ventilation 
driving forces (possible sudden changes in outside temperature and wind speed and 
direction), the controller was set up to re-assesses the conditions and act every two 
minutes. Obviously test room thermal response time is more than two minutes, but the 
selected time interval is long enough to provide quasi steady state conditions and short 
enough to take into account relevant sudden changes in environmental conditions. The 
schematic presentation of different hardware and software levels is shown in Figure 3.8. 
The decision about software influenced hardware choice too. MATLAB has built in 
support for popular hardware devices such as Microsoft Windows sound cards, National 
Instruments E Series and 1200 Series hardware, and Hewlett-Packard E1432A Series VXI 
hardware. 
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Figure 3.8 Schematic presentation of the software and hardware interaction within the 
fuzzy controller 
3.3.1 Hardware 
Inputs to the controller are indoor and outdoor temperatures, wind speed and direction 
and rain detection. Sensors thus had to be provided for temperatures, wind speed and 
direction. The existing weather station was capable of providing signals for outside 
temperature, wind speed and direction, but of a different nature. Whilst outside 
temperature sensor was digital, wind speed and direction were analogue. The weather 
station was re-wired to the controller transferring analogue signals from wind speed and 
direction sensors to a computer via input/output (I/O) board. Two T-type radiation shield 
thermocouples had to be placed outside and inside to measure the outside and indoor 
temperatures and send the appropriate signals to the controller. The thermocouple for 
indoor temperature was places between louvre and computer hosting the controller 
approximately 1.2m above the floor level, Figure 3.11. Thermocouple for outside 
temperature was placed on the outside wall close to louvres. Rain detection was at this 
stage introduced manually using the Simulink graphical interface. Louvre motors were 
also wired to the controller via I/O board. Some of the wiring is shown in Figure 3.10. 
National Instruments Low-Cost Multifunction Lab-PC-1200 board was used as the 
input/output board. It has eight single ended or 4 differential 12-bit analogue input 
channels. The voltage input range is software programmable for 0-10V (unipolar) or +/- 
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5V (bipolar). A software-programmable gain amplifier has gain selection of 
1,2,5,10,20,50 or 100. The maximal single-channel sampling rate is 100kHz. The 1200 
family has two double-buffered 12-bit DACs that are connected to two analogue output 
channels. They can be independently configured through software for unipolar (0-10V) or 
bipolar (+/-5V) operation. The resolution of 12-bit DAC is 2.44mV in both polarities. 
3.3.2 Software platform 
MATLAB is a high-performance language for technical computing. It integrates 
computation, visualisation, and programming in an easy-to-use environment where 
problems and solutions are expressed in familiar mathematical notation. Typical uses 
include: mathematics and computation, algorithm development, modelling, simulation, 
and prototyping, data analysis, exploration, and visualisation, scientific and engineering 
graphics, application development, including graphical user interface building. 
MATLAB features a family of application-specific solutions called toolboxes. Toolboxes 
are comprehensive collections of MATLAB functions (M-files) that extend the MATLAB 
environment to solve particular classes of problems. Areas in which toolboxes are 
available include signal processing, control systems, neural networks, fuzzy logic, data 
acquisition, simulation, and many others. Toolboxes used here are Fuzzy Logic Toolbox 
for mathematical processing of the controller rule base, Data Acquisition Toolbox for data 
transfer between controller and its input and output devices and Simulink for controller 
design. 
Simulink is MATLAB's software package for modelling, simulating, and analysing 
dynamical systems. It supports linear and non-linear systems, modelled in continuous 
time, sampled time, or a hybrid of the two. Systems can also be multirate, i. e., have 
different parts that are sampled or updated at different rates. For modelling, Simulink 
provides a graphical user interface (GUI) for building models as block diagrams, using 
click-and-drag mouse operations. Simulink includes a comprehensive block library of 
sinks, sources, linear and non-linear components, and connectors. After a model is 
defined, the user can simulate it, using a choice of integration methods, either from the 
Simulink menus or by entering commands in MATLAB's command window. The 
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simulation results can be stored in the MATLAB workspace for post-processing and 
visualisation. Because MATLAB and Simulink are integrated, it is possible to simulate, 
analyse, and revise models in either environment at any point. One of the key features of 
Simulink is that it is built on top of MATLAB. As a result, Simulink users have direct 
access to the wide range of MATLAB's Toolboxes. Systems can be simulated in 
MATLAB or incorporated into a Simulink block diagram, with the ability to generate 
code for stand-alone execution. 
The Fuzzy Logic Toolbox is a collection of functions built on the MATLAB numeric 
computing environment. It provides a complete set of GUI-based tools for designing, 
simulating, and analysing fuzzy inference systems. There are five primary GUI tools for 
building, editing and observing fuzzy systems described in detail in Appendix B. 
The Data Acquisition Toolbox is a collection of M-file functions and MEX-file dynamic 
link libraries (DLL's) built on the MATLAB Technical Computing Environment. The 
toolbox provides: 
9A framework for bringing live, measured data into MATLAB 
" Support for popular hardware devices such as Microsoft Windows sound cards, 
National Instruments E Series and 1200 Series hardware, and Hewlett-Packard 
E1432A Series VXI hardware 
" Support for analog input, analog output, and digital I/O subsystems 
"A consistent and flexible command line interface that exposes the unique features 
of all supported hardware 
" Hardware-dependent and hardware-independent trigger modes 
" Data buffering for background acquisitions 
" Simultaneous analog input and analog output conversions 
" Data logging 
" Event-driven acquisitions 
" Error handling 
" Engineering units 
Every two minutes a mini data acquisition session was performed by the controller: 
indoor and outdoor temperatures, wind speed and direction were recorded followed by the 
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transfed of the signal from the computer to the louvre motors. Measured and recorded 
values were transfer as inputs via Simulink to a Fuzzy logic toolbox enabling the fuzzy 
controller to make a decision on louvre opening and to transfer that value in a signal form 
back to louvre motors using the Data Acquisition Toolbox as already shown in Figure 3.8. 
A typical data acquisition system consisting of the following components: 
" Acquisition hardware 
At the heart of any data acquisition system lies the data acquisition 
hardware. The main function of this hardware is to convert analogue 
signals to digital signals and convert digital signals to analogue signals. In 
this case the hardware was a National Instruments input/output board. 
9 Sensors and actuators (transducers) 
Temperature sensors in this case were thermocouples, wind direction 
sensor was a wind vane and an anemometer was used for wind speed. 
" Signal conditioning hardware 
Sensor signals are often incompatible with data acquisition hardware. To 
overcome this incompatibility, the signal must be conditioned. For 
example, an input signal might need conditioning by amplifying it or by 
removing unwanted frequency components. Output signals may need 
conditioning as well. In this case there was no need for signal 
conditioning, since the sensors were compatible with data acquisition 
hardware and measured properties are in their nature relatively simple and 
not exposed to interfering noise. 
" The computer 
The computer provides a processor, a system clock, a bus to transfer data,. 
and memory to store data. 
9 Software 
Data acquisition software allows the exchange of information between the 
computer and the hardware. 
Data acquisition components and their relationship to each other are shown in Figure 3.9. 
The figure depicts the two important features of a data acquisition system: 
" Signals are input to a sensor, converted into bits that a computer can read, and 
analysed to extract meaningful information (ADC). 
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" Data from a computer is converted into an analogue signal and output to an 
actuator (DAC). 
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The basic Data Acquisition Toolbox functions supporting these processes are described in 
more detail in Appendix B. 
' Physical Environmental conditions: 
nhennmena 
temperatures, wind speed and direction 
Sensor 
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Physical Louvre position 
nrý regulating the quantity of 
outside air 
Figure 3.9 Data acquisition process 
Part of the performed wiring, the computer hosting the controller (which as a part of its 
operation performs data acquisition sessions) and some instrumentation are shown in 
Figures 3.10 and 3.11. Items in Figures 3.10 and 3.1 1 are as follows: 
1- transmitters for indoor and outdoor temperature thermocouples, 
2- "input" box containing I/O board connector, 
3- cable connecting I/O board and connector, 
4- "output" box transferring signals towards louvre motors, 
5- diverting box for louvre motors signal, 
6- louvre motors, 
7- monitor of a computer hosting the controller, 
8- monitor of a computer connected to local weather station, 
9- pressure transducers, 
10 - inside pressure probes mast, 
11 - one of four masts holding temperature and air velocity sensors (location L4) 
12- thermocouple 
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Figure 3.10 Controller wiring I 
Figure 3.11 Controller wiring 1/ 
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3.4 SUMMARY 
A single-sided, light mass, naturally ventilated room in a shelter location representing a 
typical office was selected for the experiments. The test room was divided into 4 thermal 
zones and for each zone the temperature and air speed were measured at six different 
heights using Dantec multi flow analyser. Due to the sheltered location of the test room, 
weather conditions (outside temperature, wind speed, pressure and humidity) were 
measured locally by Datahog2 weather station. The pressures across the top and bottom 
louvre openings were measured by four Furnance Controls FC044 differential pressure 
transducers. 
The controller had to answer certain demands: to be capable of processing on-line 
measured data and to act in real time. An existing 266Mhz Pentium II with 64MB EDO 
memory PC and Microsoft Windows 95 operating system was chosen to host a controller. 
The software choice was selected to be MATLAB programming surrounding, especially 
Simulink, Fuzzy and Data acquisition Toolboxes. The decision about software influenced 
hardware choice too. National Instruments Low-Cost Multifunction Lab-PC-1200 board 
was used as the input/output board. 
Inputs to the controller were indoor and outdoor temperatures, wind speed and direction 
and rain detection. Sensors thus had to be provided for temperatures, wind speed and 
direction. The weather station was re-wired to the controller transferring analogue signals 
from wind speed and direction sensors to a computer via input/output (I/O) board. Two 
thermocouples had to be placed outside and inside to measure the outside and indoor 
temperatures and send the appropriate signals to the controller. Louvre motors were also 
wired to the controller via I/O board. 
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It is said that a mathematical model is not needed to develop a rule based controller. On 
the other hand information in the rule-base comes from an actual expert who has spent a 
long time learning how the process really works or if there are no such expert the control 
engineer will simply study the plant characteristics - perhaps using modelling and 
simulation, (Reznik 1997). 
One way of generating rules for knowledge based control is by modelling. Considering 
the uncertainties associated with CFD packages in the field of natural ventilation 
(primarily boundary conditions) and their programming requirements, a decision was 
made to use other available programs. Apart from modelling, control rules for knowledge 
based systems are also built through discussion with experts. Based on that, two basic 
criteria for program selection were established: 
" the simulation package should not be CFD based and 
" it should be developed by an expert in the field of natural ventilation 
approachable for discussions and consultations. 
Programs ROOM and VENT (Oasys 1992) developed by experts in ventilation design 
and development were the only existing packages answering both requirements. ROOM 
calculates the thermal and comfort conditions within a single space, for a typical day in a 
selected month, under dynamic thermal loading. The numerical model used is based on an 
explicit finite difference formulation for unsteady heat flows within the building fabric. 
An 
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VENT is intended to be used for the calculation of bulk air movements into and within 
buildings. 
In this chapter results from the off line thermal modelling of a single-sided naturally 
ventilated test room using ROOM and VENT are presented. Steady-state temperature and 
air speed distribution for both summer and winter conditions are simulated using VENT 
program. Sensitivity of VENT to different modes of calculating pressure coefficients is 
investigated. Simulation results were also experimentally validated. 
4.1 ROOM AND VENT PROGRAMS 
Program ROOM is intended to be used to calculate the thermal and comfort conditions 
within a single space for a typical day in a selected month under dynamical thermal 
loading. As a result of thermal analysis of a space, program outputs are air dry bulb 
temperature, surface temperatures, solar radiation transmitted through translucent 
elements and ventilation rate. 
ROOM is intended to assess detailed environmental conditions within a single space. The 
numerical model is based on an explicit finite difference formulation for unsteady heat 
flows within the building fabrics. In a building, heat is transferred by conduction, 
convection and radiation. The model of conduction processes employed in ROOM 
assumes that a wall can be represented by a number of small `elements' in series. Each 
element can both store and conduct heat. The elements are assumed to be sufficiently 
small that each is at a uniform temperature. Convection is a complex process. Accurate 
values of surface heat transfer coefficients are not known. At present ROOM has the 
option of either using a fixed heat transfer coefficient (default 3 W/m2K, the mean of the 
CIBSE Guide values) or calculating it (Oasys 1992). Heat losses and gains to rooms are 
closely linked to the radiation exchanges that occur within the space. ROOM uses 
fundamental equations with the following assumptions made: grey body radiation -a 
single emissivity regardless of the wavelength of the radiation and linearised radiant heat 
transfer. The first of these is a generally accepted approximation although it is usual to 
separate radiation into two groups, long and short wave. It is a common mistake to 
assume that all the solar radiation (source of the short wave radiation) entering a space is 
trapped within that space. Glazing is indeed opaque to long wave radiation, but short 
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wave radiation is only converted to long wave radiation by being absorbed at a surface. 
This increases the temperature of that surface and causes it to emit more long wave 
radiation than before. The emissivities appropriate to long and short wave are often very 
different. Separate long wave and short wave emissivities are used in ROOM. The 
magnitude of the long wave radiation depends upon the surface temperature but radiant 
exchange can be de-coupled from the conduction and convection calculations because of 
the explicit finite difference formulation used in ROOM. 
VENT is intended to be used for the calculation of bulk air movements into and within 
buildings, driven by wind pressure, buoyancy forces arising from the difference between 
internal and external temperatures and purpose designed mechanical ventilation systems. 
The program can be operated in three modes: 
1. Calculation of flow rates from specified wind speed, internal and external 
temperatures and mechanical ventilation rates. 
2. Given wind speed, external temperature, internal heat gain and mechanical ventilation 
rate, calculate steady-state flow rates required to balance the heat gain. The 
corresponding internal room temperatures are those that induce sufficient air flow to 
remove all the heat generated. 
3. A combination of the above two cases with temperatures specified in some rooms and 
heat loads specified in others. Flow rates are calculated together with the unspecified 
temperatures. 
The following results can be obtained: whole building air change rates, individual room 
air change rates, the air flow rate through each specified ventilation or leakage area, the 
temperatures necessary to balance the heat gains if some temperatures are not fixed and 
steady state pollutant concentrations within the buildings. 
The information required by VENT to simulate any given situation consists of aperture 
geometry and characteristics, room volume and height, external pressure coefficients to 
calculate wind driven ventilation, internal temperatures if fixed, internal heat gains if any 
and mechanical flow rate and supply temperature is present. Detailed description of 
ROOM and VENT is given in Appendix C. 
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4.2 MODELLING USING ROOM AND VENT PROGRAMS 
For the purpose of modelling verification and experimental research, the existing portable 
test room of light mass was divided into four thermal zones and for each zone the 
temperature and speed were measured at six different heights. The positioning of indoor 
sensors is shown in Figure 4.1. Zoning was decided based on the zone position in respect 
to the openings and indoor cooling loads (closer/further from the louvres, closer/further to 
the equipment and additional heating sources). Detailed description and position of 
temperature and air speed sensors has already been described in Chapter 3. 
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Figure 4.1 The location of the sensors inside the test room and across the louvre 
In order to simulate temperature distribution across the test room, the test room had to be 
fictitiously divided into 27 rooms of equal size and 0.8m3 volume as simulation program 
VENT is based on one zone model, (Oasys 1992). Fictitious rooms are presented with 
grey lines in Figure 4.1. The third program mode, with temperatures specified in some 
rooms and heat loads specified in others, was selected. Four temperatures representing 
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each thermal zone at the lowest level in the test room were chosen to be fixed (sensor 
positions 1,7,13 and 19 corresponding to rooms 2,3,6 and 8 in Figure 4.1) and set to 
have the same values as the measured temperatures. Together with specified 
temperatures, heat gains were specified for rooms 1,4,7 and 9. In order to predict air 
movement inside the test room, all fictitious rooms were connected through fictitious 
openings whose areas obviously had to be equal to the area of adjacent surfaces between 
each room. Predicted room temperatures were chosen to represent the temperature in the 
middle of each room. 
The adjustable louvres were fitted to ensure that a minimum ventilation rate of 
81/sec/person was achieved inside the test room equivalent to 1.3 air changes per hour. 
Size of the opening at the top and bottom was 0.07m2 and 0.12m2 respectively with a 
1.25m distance between the centre of the openings. Louvres openings had to be 
concentrated in two rooms only - first and third level corner ones, rooms number 3 and 
21 respectively. 
In this chapter the results from the temperature and air speed distribution modelling are 
presented, while the thermal comfort modelling is given in Appendix D. 
4.2.1 Temperature distribution modelling and validation 
Winter conditions 
Over the winter period additional 2kW and 4 kW heaters were used inside the test room. 
2kW heaters were installed in rooms 7 and 9. Review of the average conditions during 
winter tests is presented in Table 4.1. 
Table 4.1. Winter tests 
Test 1 Test 2 Test 3 
Date 15 January `98 4 February `98 13 February `98 
Additional heating 2kW 4kW 0kW 
Average outside temperature 8.50C 7.9°C 15.3°C 
Average wind speed 2m/s 1.4m/s 1.79m/s 
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The measured local outside temperatures and wind speeds for all tests are shown in 
Figures 4.2,4.3 and 4.4. For all days the wind direction was measured to be windward. 
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Figure 4.4 The outside conditions for test 3 
In order to investigate the pressure distribution at the openings the total pressure at the top 
and bottom levels across the louvres was recorded using low pressure differential 
transducers (described in Chapter 3). Results for all three tests are presented in Figures 
4.5,4.6 and 4.7. The reference pressure for all pressure measurements was the static 
pressure inside the room taken at approximately 1m from the test room floor. 
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Figure 4.7. Pressure distribution across the louvre openings for test 3 
For all tests the measured pressure difference across the louvres indicated that air is 
entering at the bottom louvre and leaving at the top for all winter tests. The presence of 
the heating source increases air movement contributing to the increase in buoyancy 
forces. It can also be observed that wind speed measurement supports pressure 
measurement. If the wind speed measurement results for all tests (Figures 4.2 to 4.4) are 
compared to the pressure measurement results (Figures 4.5 to 4.7) it becomes obvious that 
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the stronger the wind, the greater the outside pressure oscillations. 
The simulated and experimental temperature variations across the room at six different 
levels for four different locations are shown for test 1,2 and 3 in Figures 4.8,4.9 and 4.10 
respectively. During simulation inputs to the VENT program were time averaged outside 
temperature, wind speed and wind pressure coefficients. Wind pressure coefficients were 
calculated using measured data for wind speed and the pressure across the opening. More 
details of the influence of pressure coefficients on simulation results are given in section 
4.2.3. 
Results for test I are shown in Figure 4.8. Simulated results are showing reasonable good 
agreement with measured data, except in the highest regions of the test room. The 
simulation program underestimates stratification at all four locations. 
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Figure 4.8 The simulated and experimental temperature variations with height, test I 
Results for test 2 are shown in Figure 4.9. The difference between measured and 
predicted temperature increases with room height, becoming rather large. Similarly to 
results obtained for test 1, the simulation program, which is practically based on Bernoulli 
theory, fails to correctly predict the temperature stratification as such. 
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Figure 4.9 The simulated and experimental temperature variations with height, test 2 
Results for test 3 when there was no additional heating in the test room are shown in 
Figure 4.10. For test 3, simulated results show a good agreement with measured data. 
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Figure 4.10 The simulated and experimental temperature variations with height, test 3 
The difference between simulated and measured temperatures for tests I and 2 with 
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additional heating in the test room, becomes significant in the highest area of the test 
room. The stronger the heating source is, the bigger the difference. Program VENT 
neglects the presence of local turbulence which can to some extent explain the difference 
between the measured and predicted temperature values. When there is no additional 
heating in the Test room, the temperature field is more uniform and local turbulence fields 
are less pronounced. An increase in heat input leads to an increase of temperature 
differences and local turbulence fields become stronger. 
For all tests the measured temperature continuously increases with distance from the floor 
and is the highest at the head level creating a positive temperature gradient in the 
occupied zone. However the temperature difference between head and lowest level is 
more than 3 °C, which does not satisfy the strict thermal comfort requirements. The 
internal temperature in all cases was higher than outside, due to the internal heat gains, 
which would suggest the main reason for the warmer air leaving the room at the higher 
opening. 
For all tests best-fit curves of measured temperatures (T) as a function of height (h) for all 
four locations were applied and are given in Table 4.2. 
Table 4.2. Bestfit curves for winter tests 
L1 Test 3 T=-0.4205"h2 +2.7079"h+16.21, R2=0.9839 
Test2 T =-5.3056"h2 +18.252"h+11.934, R2=0.9816 
Test 1 T= -0.5953 "h2+6.8294 "h+ 10.92, R2=0.995 8 
L2 Test 3 T= -0.4453 " h2 + 2.7787 "h+ 16.26, R2=0.9982 
Test 2 T= -4.8247 " h2 + 17.389 "h+ 12.459, R2=0.9923 
Test 1 T= -0.3412 "h2+6.253 6"h+ 11.295, R2=0.9979 
L3 Test 3 T=-0.2957"h2+2.4597"h+16.003, R2=0.971 
Test 2 T= -4.9967 " h2 + 17.259 "h+ 12.503, R2=0.9935 
Test 1 T= -0.7139 " h2 + 7.124 "h+ 10.356, R2=0.9926 
L4 Test 3 T=-0.336"h2+2.5755"h+15.377, R2=0.987 
Test 2 T= -8.2555 " h2 + 25.369 "h+6.8199, R2=0.9488 
Test 1 T=-1.3775"h2 +8.7191"h+9.0924, R2=0.9912 
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The best result were obtained with a second order polynomial fit. Best-fit curves are often 
used for empirical modelling of a natural ventilation. 
Summer conditions 
Tests were carried out on the J 0Ih of June (test 4) and the 22"d of June (test 5). Summary 
of the average weather conditions during summer tests is presented in Table 4.3. 
Table 4.3 Summer tests 
Test 4 Test 5 
Date 19' June 1998 22" June 1998 
Average temperature 23.540C 18.40C 
Average wind speed 1.12m/s 2.18m/s 
Measured local outside temperature and wind speed for the summer tests are shown in 
Figure 4.1 1. On both days the wind direction was measured to be windward. 
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Figure 4.1 1. Weather conditions. for the summer tests 
The differential pressure measurements across the louvres presented in Figures 4.12 and 
4.13 show that air is flowing inside the room from the bottom louvre and leaving the 
room at the top opening. 
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Figure 4.13. Variation of the pressure distribution at the openings for test 5 
The predicted and measured temperature distribution across the room is shown in Figure 
4.14. The predicted temperature follows the measured temperature closely for both tests, 
but the inability of the simulation program to account for the local turbulence is obvious 
under summer conditions too. In all locations the temperature difference between the head 
and the lowest level is less than 3°C. 
The result of best curve fits of measured temperature (T) as a function of height (h) is 
shown in Table 4.4. For all locations a linear fit was applied. 
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Figure 4.14. The simulated and experimental temperature variations with height for tests 
4 and 5 
Table 4.4 Bestfit curve for temperature distribution, summer tests 
L1 Test 4 T=2.0926 "h+ 23.485, R =0.9808 
Test 5 T =1.7573 "h+ 19.689, R2=0.9867 
L2 Test4 T=1.9436"h+23.768, R=0.9819 
Test 5 T =1.7573 "h+ 19.689, R2=0.9867 
L3 Test 4 T =1.8033 "h+ 23.603, R =0.9514 
Test 5 T=1.4789" h+ 19.646, R2=0.973 
L4 Test 4 T =1.8396 "h+ 23.144, R =0.9852 
Test 5 T =1.7841 "h+ 18.857, R2=0.9831 
Summary 
Overall a reasonable good agreement exists between simulated and measured data for 
both winter and summer conditions, although it is better for summer conditions. 
Simulation program in general fails to correctly predict temperature stratification by 
underestimating it. In winter conditions, when strong additional heating sources are 
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present, this can become rather apparent. 
Both simulations and measurements have shown that test room represents rather 
homogeneous thermal space. Namely, temperature profiles are more or less similar on all 
four locations for both summer and winter conditions, which would support a mixing 
model of the air distribution inside the test room. 
4.2.2 Air flow modelling 
As already explained, in order to simulate the temperature distribution across the test 
room, the test room had to be fictitiously divided into 27 rooms of equal size and 0.8m3 
volume. Fictitious rooms are presented with grey lines in Figure 4.15. The third program 
mode, with temperatures specified in some rooms and heat loads specified in others, was 
selected. Four temperatures representing each thermal zone at the lowest level in the test 
room were chosen to be fixed (sensor positions 1,7,13 and 19 corresponding to rooms 2, 
3,6 and 8 in Figure 4.15) and set to have the same values as the measured temperatures. 
Together with specified temperatures, heat gains were specified for rooms 1,4,7 and 9 
where computer equipment was located. 
louvres 
Figure 4.15 Fictitious representation of a test room as a multi room object 
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In order to predict air movement inside the test room, all fictitious rooms were connected 
through fictitious openings of crack and hole type whose areas obviously had to be equal 
to the area of adjacent surfaces between each room. Louvre openings were concentrated 
in two rooms only, rooms number 3 and 21 respectively. Besides the temperatures in each 
room VENT output includes air flow rates. Those air flow rates can be converted into air 
velocities between adjacent rooms, for example between rooms 9-6,9-8 and 9-18, Figure 
4.15. 
Winter conditions 
Weather conditions for winter tests (Table 4.1) are shown in section 4.2.1 in Figures 4.2 
to 4.4. Measured air speed profiles across the room at six different levels for all four 
locations for tests 1 and 2 are presented in Figure 4.16. 
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Figure 4.16 Airspeed distribution during winter tests 1 and 2 
The results show that air velocities were always well below 0.5m/s. Those kind of values 
are inside recommended ones, (ASHRAE, 1998), suggesting the absence of discomfort 
feeling due to draft. Similar velocity profiles for the single sided naturally ventilated test 
room were observed by Dascalaki (1999). The air speed profiles are very similar on all 
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locations except on location L2, the location between heating sources. One explanation 
for this could be that heaters were fan assisted convectors. The results for the air speed 
distribution are suggesting that the air speed would be highest at the bottom layers of the 
room, then decreases rapidly experiencing the minimal value in the middle layer after 
which it would gradually pick up some additional speed. Only location L2 experiences 
additional acceleration of the air which can be contributed to a fan energy from a heater. 
Program VENT was used to predict the air flow distribution between each room. The 
schematic view of a predicted flow distribution for test 3 is shown in Figure 4.17. The 
values of air speed between each room are shown in Table 4.5. 
louvres 
I1=2.1 
Figure 4.17. The predicted airflow pattern for test 3 
Simulated air speed values are the highest at the bottom layers and in the areas closest to 
the louvres, but in general they are very low. Air speed seems to have higher values also 
in the areas close to the wall opposite to the louvres. The predicted air flow demonstrated 
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that air is flowing into the room from the bottom louvre and leaving at the top, which is in 
agreement with the experimental data. 
Table 4.5 Predicted air speed between each room for test 3 
Room 3-2 3-6 3-12 2-1 2-5 2-11 1-4 1-10 6-5 6-9 6-15 
Vel (m/s). 0.094 0.089 0.072 0.097 0.044 0.033 0.068 0.014 0.054 0.092 0.037 
Room 5-4 5-8 5-14 4-7 4-13 9-8 9-18 8-7 8-17 7-16 
Vel m/s . 0.11 0.037 0.031 0.029 0.138 0.064 
0.105 0.099 0.078 0.043 
Room 12-15 12-11 12-21 11-10 11-14 11-20 10-13 10-19 15-18 15-14 
Vel m/s . 0.053 0.043 0.007 0.049 0.032 
0.006 0.04 0.011 0.065 0.009 
Room 15-24 14-17 14-13 14-23 13-22 18-17 18-27 17-16 17-26 16-25 
Ye! m/s . 0.023 
0.02 0.054 0.011 0.084 0.061 0.021 0.052 0.02 0.001 
Room 21-20 21-24 20-19 20-23 19-22 24-23 23-26 22-25 27-26 
Vel. m/s 0.05 0.036 0.05 0.009 0.03 0.036 0.003 0.038 0.007 
For both tests second order polynomial curves of measured air velocities (V) as a function 
of height (h) for all four locations were applied and are given in Table 4.6. The obtained 
correlation coefficients have high values for all locations apart from location L2 between 
fan assisted heaters which were obviously affecting the local air flow. 
Table 4.6. Best curve fit for the air speed profiles 
L1 Test 1 V=0.3813"h2-1.0133"h+0.7213, R2=0.9027 
Test 2 V=0.2624 " h2 - 0.7118 "h+0.50 11, R2=0.9653 
L2 Test 1 V=0.2163 " h2 - 0.6207 "h+0.587, R2=0.3707 
Test 2 V=0.1389 " h2 - 0.4239 "h+0.43 69, R2=0.3321 
L3 Test 1 V=0.201 "h2-0.4981 "h+0.3715, R2=0.776 
Test 2 V=0.0582 " h2 - 0.2088 "h+0.2265, R2=0.9571 
L4 Test 1 V=0.0981 " h2 - 0.3766 "h+0.43 64, R2=0.6985 
Test 2 V=0.0932 " h2 - 0.2956 "h+0.2586, R2=0.9852 
Summer conditions 
Weather conditions for summer tests are shown in section 4.2.2 in Figure 4.11. VENT 
was used to predict the air flow distribution between each room. The simulation results, 
air velocities between each room for the summer tests, are given in Tables 4.7 and 4.8. A 
minus sign indicates an opposite air velocity direction compared to the one indicated by 
room numbers. It has been pointed out already that for simulation purposes louvre 
openings had to be associated with only one fictitious room. The bottom opening was 
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associated with room number 3 and the top one with room number 21 - marked in 
different colours in Tables 4.7 and 4.8. Flows between fictitious rooms 3 and 21 and 
adjacent rooms are also marked. 
Table 4.7. Simulated air velocities for the test 4 
Room 1-2 1-10 2-3 2-11 3-12 4-1 4-5 4-7 4-13 5-2 5-6 
Vel. (m/s) 0.099 -0.016 0.072 0.046 0.021 0.068 0.113 0.027 -0.138 0.041 0.05 
Room 5-14 6-3 6-15 7-8 7-16 8-5 8-17 9-6 9-8 9-18 
Vel. (m/s) 0.040 0.066 0.0485 0.102 -0.047 0.040 0.078 0.09 0.064 -0.104 
Room 10-13 10-19 11-10 11-12 11-14 11-20 12-15 12-21 13-16 13-22 
Vel. (m/s) 0.038 -0.018 0.0371 0.013 0.028 -0.005 0.018 0.017 0.012 -0.092 
Room 14-13 14-23 15-14 15-18 15-24 16-25 17-14 17-16 17-18 17-26 
Vel. (m/s) 0.045 0.048 0.0169 0.059 0.009 -0.008 0.008 0.047 0.057 0.006 
Room 19-22 20-19 21-20 21-24 23-20 23-22 
Vel. (m/s) 0.031 0.063 0.07 0.062 0.001 0.071 
Room 23-26 24-23 24-27 25-22 26-25 27-26 
Vel. (m/s) 0.032 0.032 0.0448 0.036 0.052 0.008 
Table 4.8. Simulated air velocities for the test 5 
Room 1-2 1-10 2-3 2-11 3-12 4-1 4-5 4-7 4-13 5-2 5-6 
Vel. (m/s) 0.103 -0.016 0.075 0.054 0.006 0.072 0.115 0.027 -0.142 0.051 0.051 
Room 5-14 6-3 6-15 7-8 7-16 8-5 8-17 9-6 9-8 9-18 
Vel. (m/s) 0.034 0.074 0.045 0.104 -0.048 0.041 0.075 0.092 0.066 -0.106 
Room 10-13 10-19 11-10 11-12 11-14 11-20 12-15 12-21 13-16 13-22 
Vel. (m/s) 0.038 -0.018 0.037 0.005 0.028 -0.008 0.024 0.008 0.0/1 -0.095 
Room 14-13 14-23 15-14 15-18 15-24 16-25 17-14 17-16 17-18 17-26 
Vel. (m/s) 0.044 0.045 0.014 0.059 0.012 -0.010 0.015 0.048 0.058 0.001 
Room 19-22 20-19 21-20 21-24 23-20 23-22 
Vel. (m/. s) 0.034 0.067 0.068 0.061 -0.012 0.074 
Room 23-26 24-23 24-27 25-22 26-25 27-26 
Vel. (m/s) 0.038 0.032 0.049 0.034 0.053 0.009 
The two dimensional representation of the predicted flow distribution for tests 4 and 5 is 
shown in Figures 4.18 and 4.19 respectively, while the three dimensional representation 
of the predicted air velocities for test 4 is shown in Figure 4.20. Predicted air flow 
indicated that air is flowing into the room from the bottom louvre and leaving at top 
which is in agreement with experimental data - pressure measurements across the 
louvres, Figures 4.14 and 4.15. Simulated values for the air speed throughout the test 
room are very low thus indicating the possibility of a stagnant air field. 
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Graphic output from VENT 
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Figure 4.18 Two dimensional representation of VENT output for Test 4 
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Figure 4.19. Two dimensional representation of VENT output for Test 5 
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louvres 
H=2.1 
Figure 4.20 Three dimensional representation of simulated air velocities for Test 4 
The simulated air speed pattern for test 4 is similar to the simulated pattern obtained for 
test 3 (see Figure 4.17) although the differences can be observed in the middle part of the 
test room, specially around fictitious rooms 12,14,20 and 23. During winter test 3 
weather was very mild (see Figure 4.4) and there was no additional heating in the test 
room (see Table 4.1) what can explain similarities in obtained results for summer and 
winter tests. 
Simulation results have thus confirmed the general pattern of the air movement inside the 
test room. For both winter and summer tests air is entering the room from the bottom 
louvre and leaving at the top due to the high internal heat gains. 
4.3.3 Impact of different Cp values on air flow distribution 
Regardless of he complexity of natural ventilation models (CFD, network, empirical), the 
Chapter 4 AIR FLOW DISTRIBUTIONMODELLING 80 
accuracy of temperature and air flow prediction depends on the accuracy of the pressure 
coefficient prediction. An analysis of VENT sensitivity to different modes of Cp 
estimation has been performed. Two modes of pressure coefficient estimation have been 
employed. One is theoretical where Cp values were determined based on its definition for 
the measured wind speeds and pressures. The other is a parametric model suggested by 
Grosso (1992,1993). 
The pressure caused by the wind impinging on the building can be defined through the 
Bernoulli equation, equation (4.1). 
p1+0.5"Pi"vi +Pi'S'Y, +APin =P2+0.5"p2"v2 +PA'9 "Y2+OP , 
(4.1) i 
Assuming that wind streamlines are horizontal and since there are no pressure losses or 
increases equation (4.1) can be rearranged in the form of equation (4.2). 
p+0.5. p. v2 =const (4.2) 
The pressure distribution over the external envelope of a building varies not only from 
facade to fagade but also varies from point to point within one facade depending on the 
location and the proximity to openings. In addition, the turbulence of the incident wind 
causes the pressure at each point on the surface to vary with time. Therefore not only does 
the surface pressure on the fagade vary from point to point, but also continually changes 
with time. In order to account for the changes in wind induced pressure, a dimensionless 
parameter, the pressure coefficient Cp, has been introduced, equation (4.3). 
__ 
AP, 
C° 
0.5 .p" vrel 
(4.3) 
4p, stands for the difference in static pressures between the facade surface and the free 
stream, while v efis the referenced wind speed usually measured 
IOm above the ground. It 
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is now possible to determine the static pressure on the building surface based on Cp, 
outside pressure and referenced wind speed: 
p, =pow +0.5"Cp . p"v f (4.4) 
The wind speed is a temporal and spatial varying quantity as a result of wind turbulence 
and the effect of obstructions. For a given location and at a given instant the wind speed 
increases with height above the ground where it is essentially zero. The time averaged 
wind speed profile is usually expressed by equation (4.5). 
VIV, =C"ha (4.5) 
CPCALC+, (Grosso 1992 and 1993) is probably the best established parametric model of 
pressure coefficients and it is practically the only parametric one that gives local Cp 
values. The model CPCALC+ was developed for COMIS (Feust 1992) based on the 
parametric analysis of wind tunnel test results. The model was developed on the basis of 3 
different wind tunnel tests. In the first one Cps were measured on block-shaped models of 
different size with different surrounding layout patterns and densities and with only one 
wind direction in an atmospheric boundary layer wind tunnel. A second test was 
performed in an industrial aerodynamics wind tunnel on various block-shaped models 
with two height values for five different wind incidence angles, but without density 
simulation. A third test had the same boundary conditions as the first one but in closed 
circuit wind tunnel corresponding to three different terrain roughness including models 
with single slope titled roofs and with gable roofs. Modelling wind pressure distribution 
according to a parametrical model approach means finding an algorithm calculating the 
variation of Cp on the envelope surfaces of a building with varying wind direction, 
architectural and environmental conditions. Because of the stochastic nature of the wind 
pressure distribution around the building, such an algorithm has to be derived by 
empirical correlations of time averaged Cp values from wind tunnel tests. Three types of 
parameters were taken into account: 
Climate parameters are the wind speed profile exponent a and wind incidence 
angle anw. The parameter anw is defined as the absolute value of the wind 
incidence angle, as shown in Figure 4.21. 
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" Environmental parameters are the plan density pad and the relative building height 
rbh. The parameter pad is defined as the ratio of building area to total area within 
a radius ranging from 10 to 25 times the height of the building considered. The 
relative building height, rbh, is the ratio of the building height to that of 
surrounding buildings, the latter assumed to be regular boxes of the same height, 
(see Figure 4.21). 
" Building parameters are the frontal aspect ratio, far, the side aspect ratio, sar, the 
relative vertical position zh, and the relative horizontal position xr, (Figure 4.21). 
0ý=180° leeward directions: 
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windward directions: 
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Figure 4.21. Calculation of the plan density area, facade element positioning and wind 
incidence angle 
A regression analysis on data from the reference wind tunnel tests was carried out in order 
to obtain the deviation range of Cp for each parameter chosen as a reference. The 
reference profiles were defined analytically as a polynomial function of the vertical 
position zh of a surface element for specific parameter values such as: a=0.22, pad = 0, 
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rbh = 1, sar = 1, anw = 00, equation (4.6), where n=3 for the windward facade and n=5 
for the leeward facade. 
Cpb (zh) = a0(Zh) +al(Zh). Zh +a2(Zh) 'Zh2 +... +a, (Zh) -Zhn 
(4.6) 
To calculate the surface pressure coefficient for any surface element with non- 
dimensional co-ordinates xl and zh on a wall of a building whose shape is defined by the 
specific values of far and sar and environment conditions by specific values of a, pad, 
and rhb, the reference Cp value must be multiplied by a correction factor CF. 
Cpx =Cpe (z,, )"CF (4.7) 
CF in equation (4.7) is the product of all correction factors for parameters different from 
the reference values. 
CF =CF, (zh)"CFA(zw). CF,,, (z,, pad) "CFA, (zw , pad) . CF,., (zk, pad) "CF,, (z,,, 0) 
(4.8) 
In the application of the parametric model, a first step was to determine the values for all 
model parameters for both top and bottom openings. These openings were related to 
rooms 3 and 21 respectively. Frontal and side aspect ratios are the same for both openings 
(farL/H=3/2.1=1.43, sar=W1H=3.3/2.1=1.57). Relative horizontal position is also the 
same for both openings (xl, aorrom xr, rop 0.35/3 =0.117), while the relative vertical position 
is different (z/, aorrom 0.35/2.1=0.17, z1,, 10p 1.75/2.1=0.83). 
The sheltered location of the test room results in high pad values above the maximal 
values allowed by the model. In order to meet model requirements the value of pad was 
adopted as 25 leading to correction factors of -0.11718 and 0.0177 for bottom and top 
opening respectively. Relative building height rbh is set to be equal to 0.4 leading to 
corresponding correction factors of 7.7148 and -2.2 for the bottom and top openings 
respectively. Since VENT assumes a terrain roughness of 0.2, correction factors of 0.9932 
and 1.03 were used. 
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Formula for the reference Cp based on equation (4.6) is given in equation (4.9a). 
Resulting values for both openings are given in equations (4.9b) and (4.9c). 
Cp, ref= - 2.381082 zh3 + 2.89756 zh1 - 0.774649 Zh + 0.475543 (4.9a) 
cp. refnottom = 0.686 (4.9b) Cp. refnou(, m = 0.737 (4.9c) 
Correction factors as a function of wind incidence angle for bottom and top openings are 
given in Table 4.9. 
Table 4.9 Correction factors due to the anw parameter 
anw 0 10 20 30 40 50 60 70 80 90 
Cf w top 0.64 0.75 0.91 1.016 0.88 0.43 -0.15 -0.8 -1.14 -1.33 
bottom 0.654 0.68 0.81 0.865 0.78 0.41 -0.133 -0.735 -1.04 -1.24 
After taking into account correction factors, the pressure coefficients for the test room as 
a function of wind directions are defined by equations (4.10). 
Cp, nouon, = 0.54*Ciwnw(anw) (4.1Oa) Ci,,,,, p = 0.527* C1am,, (unw) (4. l Ob) 
The measured pressure coefficients at the openings for summer tests (4 and 5) are shown 
in Figure 4.22. Values were obtained using equation (4.3) by substituting measured 
pressure difference across the louvre openings (Figures 4.14 and 4.15) and wind speed 
measured locally to the test room at a height of about lm, (Figure 4.13). Averaged Cpp 
values given in Table 4.10 were later used by the VENT program. 
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Figure 4.22. Measured pressure coefficients at the openings for tests 4 and 5 
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The pressure coefficients using the parametric model for the averaged wind incident angle 
during summer tests were calculated and are also shown in Table 4.10. There is a 
difference between measured and calculated Cp values. The main reasons for this are: 
existing difficulties in modelling wind induced air movement, the empirical nature of the 
parametric model and the sheltered position of the test room. The values obtained for the 
difference between local inlet and outlet Cp are on the other hand in quite good agreement 
for test 4. It should be stated however that differences between measured and CFD 
calculated values for the pressure coefficients often approach 100%. 
Table 4.10 Pressure coefficients 
Test 4 Test 5 
measured parametric measured parametric 
Cp, bottom 0.5 2.44 0.19 4.7 
CC, 10 -1.75 0.02 -0.76 0.04 
Cp, dg -2.25 -2.22 -0.95 -4.66 
VENT was used to simulate the air temperature and speed distribution across the room 
using both measured and calculated Cp values. The measured and simulated temperatures 
for all four locations across the room and tests 4 and 5 are shown in Figure 4.23. It can be 
seen that for all locations there is very little difference between simulation results with 
measured and calculated Cp values. 
Predicted air velocities between each fictitious room are given in Table 4.11 and 4.12 for 
tests 4 and 5 respectively. Air velocities in bold represent results obtained by using 
parametric pressure coefficients. 
In 
0ö 
N 
ýo 
ýö' 
sz 
ýo a. 
a 
a a. 
a 
n 
ä 
a 
co 
ti 
Height ImI Height Imp 
P 
OOOO 
O 
i. ý aP Öo 
-NPN 
N OOOO 
NAp, pp 
-NA 
O' 00 N O 
N 
N 
8 
1 
8 AR ü_ü_a_ 
BEl EEE I 
Lt. La. 
. 
'1 8 l >>> lk 
g 3 
fr ý1 
l 
3E 
ý Iý 
9 a yK 
In 
Iý 
ýýx 
? e 7 "a 
b w . 
I 'w ýI Ö 
U 3 A 3 
P N p 
ä3 g F- 11 8 
GR 3 
5 8 n 
C 
g 7 
00 
r 
8 g 
Height Ami 
Height Ami 
OGO C- N 
OOOON _O 
NAU Ge -N1. 
O' 00 ý.,, ý N 
O 1aAO 
ÖO 
ý, 
NAO Oc NN O 
P 
p 
O 
A rt n 
O 
A52 5a O AU A 
AUA rA Aý 
939 EEE 
Ew N o 
t I. g. 
ý ý ö ti 
A I I 
\ 
C li 
1 ^ 
'Z 
n N 
ýk 
n N 
8 
UP rS'. 
ý C 
EPný o 
q 
I INl 
2 
° 
I 
G ° e g 
n 
m 
Ä 
A 
Chapter 4 AIR FLOW DISTRIBUTION MODELL/NG 87 
Table 4.11. Predicted air speed between each room for Test 4 for both measured Cps 
and calculated using parametric model (values in bold) 
Room 1-2 1-10 2-3 2-Il 3-12 4-1 4-5 4-7 4-13 5-2 5-6 
Vel. 
(ins 
0.0993 
0.0734 
-0.0/58 
0.0031 
0.0715 
1.0660 
0.0464 
0.0352 
0.0207 
0.0155 
0.0678 
0.0713 
0.1130 
0.0929 
0.0266 
0.0252 
-0.1380 
-0.1264 
0.0411 
0.0436 
0.0494 
0.0539 
Room 5-14 6-3 6-15 7-8 7-16 8-5 8-17 9-6 9-8 9-18 
1'el 
m . s) 
0.0400 
0.0470 
0.0661 
0.0579 
0.0485 
0.0515 
0.1024 
0.0877 
-0.0466 
-0.0382 
0.0400 
0.0152 
0.0780 
0.0836 
0.0904 
0.0824 
0.0642 
0.0604 
-0.1041 
-0.0962 
Room 10-13 10-19 11-10 11-12 11-14 11-20 12-IS 12-21 13-16 13-22 
V el 
(nt s 
0.0375 
0.0556 
-0.0184 
-0.0246 
0.0371 
0.0177 
0.0132 
-0.0011 
0.0277 
0.0218 
-0.0049 
0.0083 
0.0176 
0.0211 
0.0/65 
0.0014 
00121 
0.0213 
-0.0916 
-0.0679 
Room 14-13 14-23 15-14 15-18 15-24 16-25 17-14 17-16 17-18 17-26 
Vet 
(-/. T) 
0.0449 
0.0541 
0.0477 
-0.0275 
0.0169 
-0.0052 
0.0591 
0.0648 
0.0088 
0.0175 
-0.0082 
0.0107 
0.0083 
-0.0228 
0.0473 
0.0536 
0.0573 
0.0604 
0.0057 
0.0269 
Room 19-22 20-19 21-20 21-24 23-20 23-22 
V el 
(m s 
0.0312 
0.0105 
0.0633 
0.0500 
0.0698 
0.0584 
0.0619 
9L9116 
0.0008 
-0.0193 
0.0705 
0.0473 
Room 23-26 24-23 24-27 25-22 26-25 27-26 
1'e!. 
(m's 
0.0319 
-0.0246 
0.0323 
0.0424 
0.0448 
0.0313 
0.0356 
0.0434 
0.0518 
0.0308 
0.0078 
0.0151 
Table 4.12. Predicted air speed between each room for Test 5 for both measured C,, s 
and calculated using parametric model (values in bold) 
Room 1-2 1-10 2-3 2-II 1-12 4-I 4-5 4-7 4-13 5-2 5-6 
V el. 
m s) 
0.1032 
0.0982 
-0.0156 
0.0137 
0.0743 
0.0637 
0.0541 
0.0584 
0.0055 
-0.0419 
0.0716 
0.0697 
0.1147 
0.1090 
0.0267 
0.0329 
-0.1417 
-0.1411 
0.05/2 
0.0512 
0.0507 
0.0475 
Room 5-14 6-3 6-15 7-8 7-16 8-5 8-17 9-6 9-8 9-I8 
Vet 
(Ms) 
0.0343 
0.0304 
0.0743 
8.0655 
0.0445 
0.0469 
0.1040 
0.0966 
-0.0477 
-0.0385 
0.0407 
0.0384 
0.0749 
0.0762 
00.0924 
0.0895 
00655 
0.0645 
-0.1064 
-0.1042 
Room 10-13 10-19 11-10 11-12 11-14 11-20 12-15 12-21 13-16 13-22 
Vel. 
("V. T) 
0.0376 -0.0184 
-0.0113 
0.0367 
0.0400 
0.0050 
-0.0102 
0.0282 
0.0203 
-0.0078 
0.0124 
0.024/ 
0.0/69 
0.0081 
-0.0476 
0.0107 
0.0086 
-0.0947 
-0.0937 
Room 14-13 14-23 15-14 15-18 15-24 16-25 17-14 17-I6 17-18 17-26 
Vel. 
m/s 
0.0443 
0.0477 
0.0453 
-0.0250 
00/37 
-0.0048 
0.0585 
0.0587 
0.0117 
0.0146 
-0.0100 
-0.0010 
0.0146 
0.0108 
0.0479 
0.0497 
0.0587 
0.0595 
0.0014 
-0.0010 
Room 19-22 20-19 21-20 21-24 23-20 23-22 
V el. 
(M/S 
0.0339 
0.0367 
0.0667 
0.0581 
0.0679 
0.11634 
0.0612 
0.0571 
-0.0/20 
-0.0222 
0.0738 
0.0651 
Room 23-26 24-23 24-27 25-22 26-25 27-26 
Vel. 
ns 
0.0381 
-0.0308 
0.03/9 
0.0355 
0.0489 
0.0458 
0.0343 
0.0379 
0.0531 
0.0431 
0.0092 
0.0105 
In general air flow predictions for both measured and calculated Cps are very close with 
similar magnitude and direction. However for both tests disagreement exists over the 
direction of the flow in the middle areas of the test room - from zone Ll (rooms 1,10) 
towards upper parts of the test room between zones L3 and L4 (rooms 26,23,15,14). 
Pressure coefficient values equal to those obtained via the parametric model would 
cause, according to VENT, an upward flow in the described area of the test room. 
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4.4 CONCLUSIONS 
The ROOM and VENT programs were used to calculate temperature and air speed 
distribution using measured data, namely the averaged external temperature, wind 
speed and pressure coefficients measured for any specific test. The predicted flow 
followed the measured flow closely in all locations. 
A sensitivity analysis of the VENT program to different ways of calculating pressure 
coefficients was performed. Cp values obtained by the parametric model and by using 
measured data are in agreement about the general flow direction, but absolute values 
are quite different. Different Cp values do not cause too big differences in temperature 
predictions. 
For each test the temperature stratification at four different locations across the room 
could be expressed in form of a general equation. For summer this was a linear curve fit 
with a temperature difference between lowest and head less than 3°C, whilst for winter 
temperature difference was higher than 3°C. Both simulations and measurements have 
shown that test room represents rather homogeneous thermal space. Namely, 
temperature profiles are more or less similar on all four locations for both summer and 
winter conditions. The internal temperature in all experiments was higher than outside, 
due to the internal heat gains. Recent work (Koloktroni 2001) is suggesting that internal 
heat gains have the major effect on internal conditions, especially the temperature, in 
naturally ventilated spaces. 
Observed air speed profiles depend much more upon the location inside the test room 
compared to temperatures. The experimental results confirmed findings that air speed 
patterns in single sided naturally ventilated spaces are constantly changing even in the 
absence of major changes in wind speeds or indoor-outdoor temperature differences, 
(Dascalaki 1999). However both experimental research and modelling have shown that 
indoor air velocities are much smaller than maximal allowed values given by the 
various Standards (ASHRAE 55 1996, ISO 7730 1994) for both winter and summer 
conditions. 
Chapter 4 AIR FLOWDISTRIBUTIONMODELLING 89 
Validation process of the selected simulation package had an important contribution in 
understanding the patterns of the air flow distribution inside a test room and thus 
indirectly rule base composition. The most important conclusions are: 
" that air velocities across the test room were always well below 0.5m/s and 
" that it is the indoor-outdoor temperature difference that will determine the 
overall direction of the air flow across the louvre openings. 
Chapter 5 
DYNAMIC EXPERIMENTAL INVESTIGATION OF A 
NATURALLY VENTILATED TEST ROOM 
A number of experiments have been performed for different environmental conditions in 
order to characterise and assess the temperature and air flow distribution with time in the 
test room. During the experiments there was no control action. Louvre opening area was 
kept constant covering the whole range from minimal to maximal opening areas. Opening 
position was classified and analysed according to the actuator signal rather than the size 
of the opening area since actuator signal is going to be the output of the controller and 
since they are practically linearly related. 
5.1 EXPERIMENTAL RESULTS 
The louvres were operated between electrical motor voltage signal of 3V to 10V. Due to 
hysteresis effect, in practical terms the lowest voltage signal causing louvre movements 
was 3V signal. A 4V signal was producing 10% of maximal opening area, while 10V 
signal was obviously corresponding to maximal opening area. When fully open louvres 
were providing aperture equivalent to almost 30% of bulkhead area. Detailed description 
of test room and louvres is given in Chapter 3 (see section 3.1). 
on 
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Experiments were performed for louvre actuator signal of 4,4.5,5,5.5,6,7,7.5,8,9 and 
10V, for some signals on few different occasions. In this chapter only selected results 
classified according to the louvre actuator signal are presented. The complete 
experimental results for all signals are presented in Appendix E. 
For different louvre positions temperature and air speed distributions have been measured 
for six different heights on all four locations previously described in Chapter 4 (locations 
L3 and L4 being close to the louvres and locations L2 and L1 further away). Equipment 
(computers and data analyser) arrangement shown in Figure 5.1 is slightly different from 
the experiments presented in Chapter 4 (see Figure 4.1) due to additional wiring caused 
by controller implementation. 
louvres 
54N 10 Omnidirectional G 
L3 (13-18) sensors 
F-I Analyser L4 (19-24) 
Q PC PC hosting 
controller 
3.3m 
L2 (7-12) L1 (1-6) Q 
3m 
Figure 5.1 The location of the sensors and equipment 
For each experiment wind speed and outside temperature were recorded by the local 
weather station described in Chapter 3 and are here presented. Outdoor temperature is 
presented together with corresponding indoor temperatures at all four locations, each of 
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which has been averaged in height. In order to have better insight of temperature and air 
speed distribution across the test room, the variation of temperature and air speed in time 
for every measuring point at each of the four locations has also been presented. Sampling 
time of 90s for omni-directional sensors has been carefully chosen to ensure that "noise" 
due to rapid fluctuations does not affect the recorded data, (Pinnock, 2000). Since air 
speed does not appear to be significantly time dependent, time-averaged air speed 
distribution as a function of height has been calculated and presented. Strict comfort 
standards do not allow a positive temperature gradient between ankle and head level 
higher than 3°C. In order to investigate thermal comfort demands, variation of 
temperature stratification (dT=The. a Ievei - T8u. le, i) for each of four locations in time has 
been calculated and presented. 
5.1.1 Actuator signal of 4V 
With louvres fully open the bottom opening area approximately equals to 0.16m2 and the 
top area is 0.11m2. Actuator signal of 4V corresponds approximately to a 10% of the 
maximal opening area. 
Environmental conditions are presented in Figure 5.2a. Wind speed is shown in Figure 
5.2a indicating a relatively windy day with average wind speed of 2.08m/s. Outside 
temperature shown together with resulting inside temperatures in different parts of the test 
room is indicating a rather warm day. There is a constant increase in inside temperature 
throughout the day under the influence of internal heat gains, but there is also an increase 
in temperature difference between indoors and outdoors. Whilst outdoor temperature risen 
from 22°C to 25°C, indoor temperature had risen from 23°C to 29°C. Sharp increase in 
outside temperature of 2 degrees during 30minutes in early afternoon hours (see figure 
5.2a) did not cause sharp increase in indoor temperature partly due to a small opening 
area but also due to the internal heat gains. Inside temperature is highest around location 
L3 and lowest around location L2. Location L3 is close to louvres but not right in front of 
the opening and also close to data analyser (see Figure 5.1). Location L2 is further inside 
the test room. Although in general there isn't a significant difference in temperature 
profiles throughout the test room. 
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Figure 5.2a Environmental conditions on the 13 `h ofAugust 2001 from 10.45 to 16: 44 
Figure 5.2b is showing temperature distribution inside the test room in time for all four 
locations for each measuring point. 
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Figure 5.2b Temperature distribution on the 13Th of August 2001 from 10. - 45 until I6.44 
The results are indicating that there are no significant differences in temperature 
distribution depending on the location inside the test room. On all four locations a steady 
increase in temperature with height can be observed and also an overall increase due to 
heat gains. 
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The variation of temperature stratification dT, already defined as dT=Thead level - Tankle level, 
in time for all four locations is presented in Figure 5.2c. 
Temperature etratfutlon 
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Figure 5.2c Variation of temperature difference between head and ankle levels on the 13rh 
of August 2001 from 10: 45 until 16: 44 
Figure 5.2d is showing air speed distribution inside the test room in time for all four 
locations at each measuring point. Air speed seems to be rather constant and less 
influenced by the height of the measuring point than temperature. 
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Figure 5.2d Airspeed distribution on the 13`h of August 2001 from 10: 45 until 16: 44 
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Air speed profiles on all four locations are shown in Figure 5.2e. 
Averaged indoor air velocities 
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Figure 5.2e Air speed profiles on the 13 `h ofAugust 2001 from 10: 45 until 16: 44 
The results presented in Figure 5.2d and Figure 5.2e are indicating that during the 
experiment air speed was almost always below 0.1 m/s on all locations in the test room. 
5.1.2 Actuator signal of 6V 
Actuator signal of 6V corresponds approximately to a 40% of the maximal opening area, 
resulting in the bottom opening area of approximately 0.07m2 and top area of 0.045m2. 
Environmental conditions are presented in Figure 5.3a. Wind speed is shown in Figure 
5.3a indicating a relatively windy day with average wind speed of 1.82m/s. Outside 
temperature is shown together with the resulting inside temperatures in different parts of 
the test room indicating a rather chilly day with a temperature drop in the outdoor 
temperature during the last hour of the experiment from 19°C to 15°C. Inside temperature 
is nevertheless considerably higher than outdoor due to the internal heat gains. Decrease 
in outside temperature in the last hour did not cause significant decrease in indoor 
temperature indicating that internal heat gains have prevailing influence on inside 
temperature. At the end of the experiment indoor temperature was 7°C higher than 
outdoors. Measured inside temperatures are suggesting that there isn't significant 
difference in temperature profiles throughout a test room. 
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Figure 5.3a Environmental conditions on the 174h ofJuly 200/ from 14: 33 until 17. "24 
Figure 5.3b is showing temperature distribution inside the test room in time for all four 
locations at each measuring point. 
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Figure 5.3b Temperature distribution on the 17th of July 2001 from 14: 33 until 17: 24 
Similarly to the results obtained on the on the 13th of August 2001 from 10: 45 to 16: 44 
(see Figure 5.2b), the results shown in Figure 5.3b are indicating similar temperature 
distribution inside the test cell. On the other hand on the 17`x' of July due to the decrease 
in the outside temperature (see Figure 5.2a), internal heat gains did not cause a significant 
increase in inside temperature. 
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The variation of temperature stratification dT in time for all four locations is presented in 
Figure 5.3c. The results are indicating the increase in temperature stratification in the 
afternoon hours, from 1.5°C during the first hour and a half to up to 3°C in the afternoon. 
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Figure 5.3c variation of temperature difference between head and ankle levels on the 17`h 
of July 2001 from 14: 33 until 17. "24 
Figure 5.3d is showing air speed distribution inside the test room in time for all four 
locations for each measuring point. 
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Figure 5.3d Air speed distribution on the 17`4of July 2001 from 14: 33 until 17: 24 
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Air speed seems to be rather constant and less influenced by the location of measuring 
point than temperature. Air speed profiles on all four locations are shown in Figure 5.3d. 
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Figure 5.3e Air speed profiles on the 17`h of July 200 1 from 14: 33 until 17: 24 
The results in Figure 5.3e are showing that average air speed is less than 0.1 m/s on all 
locations although on some measuring points air speed was occasionally higher than 
0.25m/s (see Figure 5.3d). 
5.1.3 Actuator signal of 7.5V 
Conditions recorded on the 26`h of June represent one of the best case scenarios for 
naturally ventilated object: louvre opening area is 60% of its maximal value and wind 
direction is leeward thus creating the pressure gradient across the openings that increases 
the buoyancy driven ventilation. Wind speed was also reasonably high, see Figure 5.4a, 
with averaged value of 1.82m/s. Beneficial influence of leeward wind direction is rather 
obvious from the temperature results shown in Figure 5.4a - indoor temperature follows 
outdoor closely. Although outside temperature indicates a very warm summer day 
(outside temperature is increasing during the experiment from 25°C to 27°C), air flow 
seems sufficient enough to neutralise a larger portion of heat gains than in previous cases. 
Measured inside temperatures are indicating that there isn't significant difference in 
temperature profiles throughout a test room for the case of leeward wind direction too. 
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Figure 5.4a Environmental conditions on the 26`h of June 2001 from 10: 46 until 13: 44 
Figure 5.4b is showing temperature distribution inside the test room in time for all four 
locations at each measuring point. On all four locations an increase in temperature with 
height can be observed and also an overall increase due to heat gains. 
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Figure 5.4b Temperature distribution on the 26 `h of June 2001 from 10: 46 until 13: 44 
The variation of temperature stratification dT in time for all four locations is presented in 
Figure 5.4c. The results are indicating that contrary to the windward cases (see Figures 
4.2c and 5.3 c), temperature stratification is more dependant on the location inside the test 
room. It can be observed that it is the highest on locations LI and L4 and smallest on 
locations L2 and L3. Locations L4 and LI are on the same line with the louvres (see 
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Figure 5.1). In general on all locations temperature stratification seems to be smaller 
compared to the cases with windward wind direction. 
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Figure 5.4c Variation of temperature difference between head and ankle levels on the 26`h 
of June 2001 from 10.46 until 13: 44 
For the sake of comparison, the variation of temperature stratification dT in time for the 
case of similar actuator signal of 8V, but windward wind direction is shown in Figure 
5.4d. Averaged wind speed during the experiment was 0.8m/s. Outside temperature was 
rather constant and around 22°C. 
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Figure5.4d Variation of temperature difference between head and ankle levels on the 14Th 
of June with actuator signal of 8V and windward wind direction 
20 40 60 60 100 120 140 160 
Thu* [mm] 
Chapter 5 DYNAMIC EXPERIMENTAL LVJ E 71GATIONOFA NATURALLY ! ENTILATED TFST ROOM 101 
Temperature stratification shown in Figure 5.4d is clearly bigger than the one presented in 
Figure 5.4c and also similar on all locations. 
Figure 5.4e is showing air speed distribution inside the test room in time for all four 
locations on each measuring point for the case of leeward wind direction on the 26`x' of 
June. Due to the leeward wind direction air speed is significantly higher in the areas 
closer to the louvres, locations L3 and L4. 
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Figure 5.4e Air speed distribution on the 26`h of June 2001 from 10: 46 until 13: 44 
Air speed profiles on all four locations are shown in Figure 5.4f. 
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Figure 5.4f Air speed profiles on the 26`h of June 2001 from 10: 46 until 13: 44 
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Again for the sake of comparison air speed profiles for the case of the actuator signal of 
8V and windward wind direction are also shown in Figure 5.4g. 
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Figure 5.4g Air speed profiles on the 14 `h of June with actuator signal of 8V and 
windward wind direction 
Time-averaged air speed values shown in Figure 5.4g are in general smaller than 
velocities shown in Figure 5.4f. That difference is specially pronounced for the locations 
L3 and L4. For the case of windward wind direction air speed on those locations is around 
0.07m/s and for the case of leeward wind direction about 0.1 m/s. 
5.1.4 Actuator signal of 9V 
During the experiment with louvres almost completely open, it was a quiet, mild summer 
day, with average wind speed of 1.03m/s and outside temperature ranging from 18°C to 
21°C, see Figure 5.5a. Inside temperature was following outside, but is nevertheless few 
degrees higher than the outdoor due to the internal heat gains. Despite the large aperture 
area cooling capacity of outside air is still insufficient. Measured inside temperatures are 
indicating that there isn't significant difference in temperature profiles throughout a test 
room. 
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Figure 5.5a Environmental conditions on the 1S`4 of June 2001 from 11: 15 until 13: 24 
Figure 5.5b is showing temperature distribution inside the test room in time for all four 
locations at each measuring point. On all four locations a steady increase in temperature 
with height can be observed and also an overall increase due to heat gains. 
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Figure 5.5b Temperature distribution on the 15`h of June 2001 from 11: 15 until 13: 24 
The variation of temperature stratification dT in time for all four locations is presented in 
Figure 5.5c. The results are indicating not only high temperature stratification but the 
increase in the head/ankle temperature difference of 1.5°C despite the large opening are. 
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Figure 5.5c Variation of temperature difference between head and ankle levels on the 15Th 
of June 2001 from 11: 15 until 13: 24 
Figure 5.5d is showing air speed distribution inside the test room in time for all four 
locations at each measuring point. Air speed seems to be rather constant and less 
influenced by the location of the measuring point than the temperature. Although large 
opening area has contributed to occasionally higher air speed values up to 0.3m/s on the 
locations closer to the louvres (L3 and L4, see Figures 5.4d and e). 
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Figure 5.5d Air speed distribution on the 15`h of June 2001 from 11: 15 until 13: 24 
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Air speed profiles on all four locations are shown in Figure 5.5e. The results are showing 
that the air movement was the highest around location which is the closet to the louvre 
opening - location L4 with average air speed around 0.1 m/s. 
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Figure 5.5e Air speed profiles on the 15th of June 2001 from 11: 15 until 13: 24 
5.2 DISCUSSION OF THE RESULTS 
Regardless of the level of the opening experimental results have shown that there is 
always an increase of few degrees in indoor temperature during the day. Very often 
increase in indoor temperature was a couple of degrees higher than the increase in 
outdoor temperature clearly indicating that there is not enough cooling capacity to 
neutralise heat gains. High increases in indoor temperature were specially pronounced in 
the afternoons when the test room was exposed to a direct sun radiation and during days 
with almost no wind when low wind speed had reduced heat convection from the test 
room. The light weight of the structure has also contributed to the high indoor 
temperatures. During "the best case scenario" days with the louvres almost completely 
open, indoor temperature was following outdoor more closely. The best results in terms of 
indoor temperature were obtained on the 26th of June under the combined effect of 
leeward wind direction and large opening area. 
Temperature stratification is obviously present and was increasing throughout the 
day. 
Practically for all days it reached levels higher than 3°C. Averaged and time dependent 
temperature differences between head and ankle levels inside the test room are offering 
different views on thermal comfort conditions inside the test room. Averaged temperature 
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difference between ankle and head level is mainly lower than 3°C for most experiments. 
However time dependent values during the day were above 3°C for considerable part of 
the day. Typical examples are experiments on the 17`h of July with louvre signal of 6V 
presented in Figure 5.3c, on the 13th of June with louvre signal of 5V and on the 21st of 
June with louvre signal of 4V presented in Appendix E. On the 15th of June when louvres 
were almost completely open (actuator signal of 9V), although average value was below 
3°C most of the day, on locations L1 and L4 temperature difference was about 5°C 
(Figure 5.5), what indicates possibility of local discomfort. Obviously unacceptable 
stratification may occur if the opening area is arbitrary chosen and kept constant. 
Air speed does not appear to significantly vary in time. Averaged values for different 
locations and room heights were between 0.03m/s and O. lm/s. There is practically no 
draft risk. The range of air speed is almost unaffected by wind speed and indoor-outdoor 
temperature differences. On the other hand the air speed profiles are constantly changing 
even for the similar wind velocities and indoor-outdoor temperature differences. These 
findings are in the agreement with the results presented in (Dascalaki 1999). Largest air 
movement was observed for the leeward wind direction. 
5.3 SUMMARY 
Experimental measurements inside the naturally ventilated test room with no control 
action have demonstrated discomfort and high indoor temperatures and low air velocities. 
The results suggest that it is very difficult to find an optimal opening manually and there 
is a need for an intelligent controller to adjust the openings according to the variation in 
environmental conditions. Overall the measurements inside the test room demonstrated 
that there was considerable air movement into the room. The internal temperature in all 
cases was higher than outside, due to the internal heat gains. In most of the cases low 
wind speed would increase temperature stratification. 
Chapter 6 
DESIGN OF A RULE BASED CONTROLLER FOR 
NATURALLY VENTILATED BUILDINGS 
6.1 INTRODUCTION 
In this chapter the design process of a rule based controller for naturally ventilated 
buildings has been presented. The fuzzy logic controller's goal is to achieve thermal 
comfort inside the buildings. Based on outside conditions and inside temperature (inputs) 
the position of the openings (output) will be adjusted. 
The basis of any fuzzy rule system is the inference engine responsible for the inputs 
fuzzification, fuzzy processing of the rule base and defuzzification of the output. The 
choice of the inference engine, starting with the selection of input and output variables 
and their membership functions, is going to be described in this chapter. The fuzzifier 
used in this particular case is simple; the real input is fuzzified according to the 
appropriate input membership function. The inference engine applies the Mamdani min- 
max method for fuzzy processing of the rule base, (Reznik 1997). The defuzzifier uses the 
centre of area method to compute the crisp values needed to drive the actuator. 
IAl 
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6.2 FUZZY LOGIC CONTROL THEORY 
The purpose of fuzzy logic control is the implementation and realisation of human control 
strategy. In practice the human being can take reasonable control actions even in time- 
varying conditions of the process, their nonlinearities and existing disturbances. The idea 
of having a controller that can do the same makes this approach an attractive one. To 
implement the human control strategy it is necessary to have 
"a control protocol reflecting the main properties of the strategy and 
"a tool that is flexible enough to cope with linguistic categories inside the control 
protocol and precise enough to allow its computational implementation. 
Fuzzy sets offer a convenient formal apparatus to meet both requirements. 
6.2.1 Fuzzy sets and fuzzy logic 
The definition of a fuzzy set is that it is a set without a crisp, clearly defined boundary. It 
can contain elements with only a partial degree of membership. Contrary to a fuzzy set 
classical set is by a definition a container that wholly includes or wholly excludes any 
given element, (Reznik, 1997). Using mathematical language it can be described by a 
characteristic function: 
1, xaA 
xA 
(6.1) x: x -* (0,1) , xA(x) = it 
1 
to, 
Instead of the characteristic function based on Boolean logic of strictly yes and no 
answers, in fuzzy set theory the basis is a more generalised membership function: a 
function that defines how each point in the input space is mapped to a membership value 
(or degree of membership) between 0 and 1. 
p: X -* [0,1], ßA (x) E [0,1] 
(6.2) 
The closer the value of pA(x) to 1, the higher the grade of membership of an element x in 
fuzzy set A. If pA(x)=1, the element x completely belongs to a fuzzy set A. If uA(x)=O, the 
element x does not belong to A at all. 
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Fuzzy sets need to be defined properly to reflect the particular situation. A fuzzy set is 
given by its membership function. The most often used functions are piecewise linear 
(triangular and trapezoidal), quadratic, gaussian and some special functions, (Reznik, 
1997). Triangular, trapezoidal and sigmondial membership functions were later on used 
for fuzzy input and output variables of a rule based controller for a naturally ventilated 
test room. 
In as much as fuzzy sets are extensions of the classical sets, the same is true for logical 
operations: fuzzy logical reasoning is in fact a superset of standard Boolean logic. In 
fuzzy logic the truth of any statement is a matter of degree, except for the elements which 
are full members of the fuzzy set/p(x)=1/or not members at all/p(x)=0% This practically 
means that in fuzzy logic the input values can be and are real numbers between [0, I] and 
the result of a logic operation can have a value between [0,1] too. In other words one 
should try to imagine a function behind the truth table, but the table itself as in a way the 
boundary conditions for that function. If one applies the min operator on any two fuzzy 
sets it is easily seen that it preserves the results of the AND truth table and for any two 
inputs between [0,1] gives output values between [0,1]. The same holds for the max 
operator and OR truth table. But obviously min and max functions are not the only ones 
corresponding to AND and OR logical operations. In more general terms the intersection 
of two, fuzzy sets is denoted as t-norm and the union as s-norm. 
Several t ands norms have been proposed in the literature, (Reznik, 1997). Each of these 
provides a way to vary the "gain" in the function so that it can be very restrictive or very 
permissive. 
6.2.2 The structure and operation of a fuzzy controller 
A typical structure of a fuzzy logic controller is given in Figure 6.1. A fuzzy logic 
controller (FLC) includes three parts: fuzzyfier, fuzzy reasoning unit and defuzzißer. The 
fuzzifier converts ordinary inputs into their fuzzy counterparts; the fuzzy reasoning unit 
creates fuzzy control signals based on these fuzzy variables and the defuzzifier converts 
the fuzzy control signals into real control outputs. An FLC is characterised by a set of 
linguistic statements that are usually in the form of "if-then" rules. The initial set of rules 
Chapter 6 DESIGN OFA RULE BASED CONTROLLER FOR NATURALLY VENTILATED BUILDINGS 110 
is usually constructed based on the operator experience or sometimes by analysing the 
dynamic process of the controlled plant. 
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Figure 6.1 Basic Configuration of a Fuzzy Logic Controller 
While the differential equations are the language of conventional control, IF-THEN rules 
about how to control the plant are the language of fuzzy control. Fuzzy rules serve to 
describe in linguistic terms a quantitative relationship between variables. A single fuzzy 
IF-THEN rule assumes the following form: 
IF x is A andy is B THENz is C 
where A, B and C are fuzzy sets. In IF-THEN rules the term following the IF statement is 
called the premise or antecedent and the term following THEN is called the consequent. 
The degree to which a premise is true is called the degree of applicability of the premise 
part usually denoted as ß and calculated as t-norm: ß=Ai(x, ) I B1(Y, ). 
Fuzzy controllers in general have more than one rule. Depending on the input values 
some rules are fired and some are not. Each fired rule produces the fuzzy set output 
whose shape depends on a degree of premise applicability. Overall fuzzy output is 
obtained by applying the s-norm operator on all rule outputs. Depending on the definition 
of t and s norms used to process fuzzy IF THEN rules, there are many proposed methods 
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in the literature. The most commonly used is the direct Mamdani method. In this method 
the final output membership function for each output is the union of the fuzzy sets 
assigned to that output after scaling their degree of membership according to a 
corresponding minimal degree of premise applicability, (Reznik 1997). 
There are several methods of interpreting fuzzy output into a final crisp value. The most 
commonly used ones are centre of area, centre of largest area, first/last of maxima, middle 
of maxima and mean of maxima, (Reznik 1997). 
6.3 FUZZY LOGIC CONTROLLER DESIGN PROCESS 
6.3.1 Definition of Input and Output Variables and their Linguistic 
Labels 
The design of the fuzzy control system starts by establishing certain quantisation levels 
for the input/output (I/O) variables along with membership functions (MFs) responding to 
these quantisation levels. The actual quantisation levels and the MF are determined 
largely in an ad hoc manner and based on insights of the nature of the underlying non- 
fuzzy variables and the control problem at hand, (Huang 1994). 
The membership functions should be chosen to make linguistic variables have suitable 
coverage on the universe of discourse. If the whole range is not covered by these 
variables an empty output control action can be created. This is referred as the non 
completeness of control rules. On the other hand if the overlap of fuzzy subsets occurs on 
the range of the universe of discourse there is an interaction among the rules. If the 
overlap is heavy, the control rules will lose their original shape. A moderate overlap is 
described to allow for reasoning with uncertainty and the need for completeness of the 
control rules. 
In fuzzy control applications to heating and air conditioning systems the usual number of 
membership functions describing input variables and actuating signals is between 3 and 7, 
(Lea 1996, Arima 1995, So 1994). The logic behind 3 membership functions is that in 
most cases it is enough to describe quantities or changes as "Small", "Moderate" or 
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"Big". In the case of further expansion of subset number from 3 to 7 original subsets 
"Small" and "Big" get further divided into new 3 subsets ("Very Big", "Positive Big" and 
"Big" or "Very Very Small", "Very Small" and "Small"). The exception can be ambient 
temperature often described with four membership functions. 
As already stated in the introductory chapter, the very first level of control is building 
design. From the ventilation point of view a proper building design must ensure sufficient 
fresh air supply air. If the first level of control has assured the minimal ventilation 
requirements, it is up to a second level of control, the dynamic action of the controller 
itself, to ensure the amount of outdoor air necessary to maintain the acceptable indoor 
temperature levels. In other words, if the adequate minimal supply rate of fresh air has 
been achieved in the design stage, the overall goal of the controller would be to achieve 
acceptable indoor temperature levels. If the indoor temperature is not acceptable, it is 
either too low or too high. As already mentioned the usual number of fuzzy sets 
describing variables in building applications are between 3 and 7. The input variable 
Inside Temperature is thus described in terms of linguistic variables as "Low", 
"Acceptable" and "High" with the universe of discourse between 15°C and 35°C as 
shown in Figure 6.2. 
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Figure 6.2 Inside temperature MFs 
Quantisation levels and the trapezoidal shape for the membership function Acceptable has 
been chosen based on latest research about comfort criteria in naturally ventilated 
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buildings bearing in mind recommendations for the design values of summer temperature 
in offices. The extensive research in the perception of thermal comfort conducted by 
Brager and de Dear (1998) found that there is a clear distinction between the response of 
occupants in naturally ventilated buildings as opposed to air-conditioned buildings. The 
most plausible explanation for these differences is the contextual influence of building 
thermal history and its effects on human expectations. In naturally ventilated buildings 
indoor temperatures more closely follow the variations in outdoor temperatures. The 
current proposal for thermal comfort standard in naturally ventilated buildings is given in 
Figure 6.2, (Brager and de Dear 2000). 
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Figure 6.3 Adaptive standard for naturally ventilated buildings, (Brager and de Dear 
2000) 
According to this proposal, for the range of mean monthly outdoor temperature between 
15°C and 35°C acceptable indoor temperatures are between 20°C and 31 
°C, (see Figure 
6.2). On the other hand according to (CIBSE 1997, Fordham, 2000) design temperature in 
summer for the informal office should be 25°C±2°C, or 23°C±2°C for a formal office thus 
covering the range of indoor temperatures between 21 
°C and 27°C. 
A trapezoidal shape for the acceptable or comfortable ranges of indoor temperature, or for 
that matter PMV or PPD values, is the most commonly used in the fuzzy logic 
applications to HVAC systems in general, (Dexter 1990, Dounis 1995, Hamdi 1998). 
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Another important issue is the meaning of acceptable temperature. `Temperature' usually 
stands for the air temperature as it is easy to measure and it is the basis of control systems. 
However, since radiation accounts for approximately half of the body's heat exchange, a 
room with low mean radiant temperature is perceived to be cooler for a particular 
measured air temperature, (CIBSE 1997). In air conditioned buildings air temperature is 
usually lower than mean radiant air temperature. In contrast, naturally ventilated buildings 
often have a mean radiant temperature similar or even lower than the air temperature. 
This is particularly true for naturally ventilated buildings of higher thermal mass for 
which MF "Acceptable" for Indoor temperature can include higher temperature values. 
MF "Acceptable" shown in Figure 6.2 is designed for the test room which is light weight. 
Since it is important to establish the relationship between the inside and outside 
temperature, the minimum number of linguistic variables describing outside temperature 
should also be three. Membership functions describing the input variable Outside 
Temperature are presented in Figure 6.4. 
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Figure 6.4 Outside temperature described by 3 MF. s 
Quantisation levels obviously depend on climate conditions. The choice presented in 
Figure 6.4 is aiming for the inland regions of UK climate. Triangular shape for the 
membership functions for outdoor temperature has been chosen because it allows better 
comparison between indoor and outdoor temperatures. It is important to evaluate the 
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difference between those temperatures as closely as possible because rules are being 
scaled according to a minimal degree of applicability. 
A wind velocity of 7m/s in natural ventilation applications is marked as a critical one after 
which all openings should be closed. Changes in wind speed over a moderate range do 
not influence air velocity inside single sided ventilated spaces as much as they influence 
cross ventilation. This has been confirmed by performed measurements and simulation in 
the test room. This argumentation led to a conclusion that one membership function 
describing very strong wind would be enough, Figure 6.5. In natural ventilation 
applications the recording of any rain presence is compulsory because the openings must 
then be closed or in a safe position due to security reasons. The membership function 
describing rain presence is shown in Figure 6.6. Closure of the openings due to safety 
reasons must not interfere with the supply of minimal ventilation rate. 
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Figure 6.5 Wind velocity MF Figure 6.6 Rain presence MF 
The only control element in the case of natural ventilation is the opening position. As any 
other ventilation control element it should have some predetermined nominal position 
which could for example correlate with min ventilation requirements or some other 
position as a result of designer and/or operational experience. In respect to the nominal 
position, the area of the openings (output) can increase, decrease, or hold as presented in 
Figures 6.7 and 6.8, allowing more or less air to enter the space depending on 
environmental conditions. 
Chapter 6 DESIGN OFA RULE BASED CONTROLLER FOR NATURALLY' Y7EN77LA77iD B('ILDI VGS 116 
hold 
claming opering closing opening 
ß. 0. e _; 0. e 
z e° 
1... 
0.0 
EE 
0.4 $ 0.4 
0.2 
dddQý 
0.2 
0 
0 10 20 30 40 50 00 70 80 90 100 10 20 30 40 50 60 70 BO 90 100 
Lou" opening F Lou" opening IN 
Figure 6.7 Louvre position described by 2 Figure 6.8 Louvre position described by 3 
MFs MFs 
6.3.2 Rule Base Composition 
Fuzzy rules serve to describe the quantitative relationship between variables in linguistic 
terms. Instead of developing a mathematical model of a single sided naturally ventilated 
space, a different approach has been adopted and a knowledge based system is 
implemented. The system aims to make the correct decision about how to move the 
louvers according to environmental conditions. While building the linguistic control 
protocol for a process two main types of questions are relevant in the construction phase: 
" questions about operator behaviour: what would you do in such and such situation, 
" questions about the behaviour of the process: why such and such situation occurs. 
For summer conditions that practically means evaluating cooling demands versus cooling 
capacity based on temperature levels and wind velocity and making a decision about how 
much if any of outside air should be let in. 
The number of rules in the rule base depends on the total number of linguistic variables. It 
is certainly possible to describe in more details at least some of the input variables. In 
describing the Outside Temperature universe for summer conditions there is obviously a 
room for more than three membership functions. The description of the Outside 
Temperature with five membership functions as Very Low, Low, Average, High and 
Very High is presented in Figure 6.9. 
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If the outside temperature is described by five membership functions, that allows the 
controller not only to detect the difference between the outside and inside temperature but 
also to qualitatively evaluate its magnitude. It is easier to assess the cooling capacity of 
the outside air when its temperature levels have been described in more detail. In that case 
it is logical to allow different levels of louvre opening and closure. The louvre position 
described by four membership functions is presented in Figure 6.10. The new 
membership function Closed, is introduced in order to make a difference between closure 
due to security reasons (rain or wind) and closure due to temperature difference. 
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Several rule bases of different complexity have been developed for the controller and 
presented in Figure 6.11, Figure 6.12 and Figure 6.13. The underlying logic for all 
controllers was to assess the relation between outside and inside temperature and to 
decide about the quantity of the outside air allowed in. Experimental investigation of the 
air flow dynamic characteristics in the test room presented in Chapter 5 has shown that 
there is a constant increase in inside temperature throughout the day under the influence 
of internal heat gains. Also temperature stratification is obviously present and was 
increased throughout the day and finally temperature distribution has more or less the 
same pattern throughout the test room. Air speed does not appear to significantly vary in 
time. Averaged values for different locations and room heights are between 0.03m/s and 
0.1 m/s. There is practically no draught risk. According to those findings and the fact that 
elevated ambient temperature may be compensated by an increased air velocity (Olesen 
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2000), it has been decided that the presence of wind can only improve thermal comfort by 
increasing air speed in the space. The most important aspect to consider in formulating 
rules would then be outdoor to indoor temperature ratio and the present level of the indoor 
temperature, while wind was only considered in respect to security demands. All 
controllers had to satisfy security demands and close the louvres in the case of rain or 
strong wind, the first rule in all rule bases (see Figures 6.11 to 6.13). For example Wind 
velocity as input variable exist only in the first rule in all three rule-bases, but never in the 
combinations with temperatures in the other rules. Practically all controllers after 
investigating security reasons for closing the louvres (first rule) continue by assessing the 
indoor - outdoor temperature ratio and according to it decide on closing or opening 
louvres and to which extent. Literature review and experimental results with fixed 
opening suggest that the choice of membership functions for the wind velocity and rain 
detection can be regarded as independent of controller complexity. All of these 3 named 
controllers have common membership functions for rain and wind velocities as given in 
Figures 6.5 and 6.6. 
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Controller 2L is the simplest one in terms of having a minimum number of membership 
functions and consequently rules: louvre position is described with only two MF 
corresponding to opening and closing of the louvres and indoor and outdoor temperatures 
with three MFs, see Figure 6.11. The rule base of controller 2L has in total 8 rules 
presented in Figure 6.11. 
Controller 3L is slightly more complex compared to controller 2L allowing three 
membership functions for louvre position, see Figure 6.12. It has consequently a different 
composition of IF THEN rules although the total number of 8 rules in the rule base 
remains the same, see Figure 6.12. 
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Controller 4L has a more detailed description of Outdoor temperature levels and also 
possible Louvre positions, see Figure 6.13. It has a larger number of rules - 12 of them 
presented in Figure 6.13. Controller 4L is the only controller that is slightly more concern 
about indoor temperature only. It has the rule which assesses only indoor temperature and 
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if the indoor temperature is acceptable then makes a decision about the louvre position 
regardless of the values of other variables regardless of the value of other variables, (see 
Figure 6.13, second rule in the Rule Table). 
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Figure 6.13 Membership functions and Rule Table for Controller 4L 
6.3.3 Performance of the Designed Controllers 
Action of the fuzzy controllers 2L, 3L and 4L (level of louvre opening) for different 
indoor and outdoor temperatures and wind velocities has been calculated and presented in 
Figure 6.16, Figure 6.17 and Figure 6.18 respectively. 
Results have shown that number of membership functions and choice of rules can have a 
great impact on controller behaviour. Controllers 2L and 31, differ only in membership 
functions describing controller output - louvre position. But different number of MFs 
always influence the way rules are formulated. Even total number of rules is the same for 
controllers 2L and 3L, rules are different enough to cause different controller behaviour 
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outside the "acceptable" and "average" temperature regions (see Figure 6.16 compared to 
Figure 6.17). Controller 4L behaves rather differently, but than again it does have 
different number of membership functions in both input and output space and 
consequently higher number of rules. All controllers satisfy security demand by closing 
louvres more when wind velocity approaches the critical value of 7m/s. 
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Figure 6.16 Controller 2L output (louvre position) as a function of indoor and outdoor 
temperatures and wind velocity of 2m/s and 5m/s 
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Figure 6.18 Controller 4L output (louvre position) as a function of indoor and outdoor 
temperatures and wind velocity of 2m/s and 5m/s 
Because controllers 2L, 3L and 4L have different MFs and rule bases they will produce 
different fuzzy and consequently crisp output values for the same inputs. The best way of 
analysing differences in the controller's behaviour is by visually representing the way of 
how different IF-THEN rules are processed for the same inputs. Three sets of input values 
have been defined: 
1. set: outdoor temperature of 25°C, wind velocity of 2m/s, indoor temperature of 17°C, 
2. set: outdoor temperature of 25°C, wind velocity of 2m/s, indoor temperature of 22°C, 
3. set: outdoor temperature of 25°C, wind velocity of 2m/s, indoor temperature of 27°C. 
The main reason that wind velocity of 2m/s have been chosen is that this is the highest 
wind velocity recorded locally to the test room. Outdoor temperature of 25°C represents a 
rather typical value for a warm summer day. 
Schematic representations of the Mamdani min-max method applications to the rule bases 
of all 3 controllers for the same inputs are given in Figure 6.19 for the first input set, in 
Figure 6.20 for the second input set and Figure 6.21 for the third input set. Each 
numbered line in all Figures presents graphically one rule from the rule bases already 
shown in linguistic form in Figures 6.11 to 6.13. 
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Figure 6.19c Fuzzy processing of the controller 4L rule base 
Figure 6.19 Application of Mamdani min-max method to all of the 3 controllers and 
inputs defined by set I 
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Input set 1 is defined by the outside temperature of 25°C, inside temperature of 17°C and 
wind velocity of 2m/s. Those crisp values were further fuzzified according to the 
individual membership functions in all controllers. As already described, the first rule is 
the same for all controllers (see Figures 6.11 to 6.13) and is defined in order to meet the 
security demands: 
IF Rain is "Rain" OR Wind velocity is "Very, Very Strong" THEN Louvre Is "Louvre Closing" 
Wind speed of 2m/s belongs to fuzzy set "Very, Very Strong" with 0.2 degree of 
membership and it consequently fires the first rule and scales its fuzzy output set "Louvre 
Closing" at 0.2 level(see Figure 6.19a). Membership function of 0.2 for the wind speed of 
2m/s represents the minimal degree of premise applicability for this rule. 
All other rules in the rule bases of all controllers deal with temperatures. The outside 
temperature of 25°C and the inside temperature of 17°C will fire the third rule in 
Controller 2L rule base (see Figure 6.19a) which reads: 
IF Outside temp. is "Not Low" AND Inside temp. is "Low" THEN Louvre is "Louvre Opening" 
(see Figure 6.11). The outside temperature of 25°C belongs fully to fuzzy set "Not Low", 
while the inside temperature of 17°C belongs to fuzzy set "Low" with the degree of 
membership equal to 0.7, (see Figure 6.11). Minimal degree of premise applicability 
would thus be 0.7 and the output fuzzy set "Louvre Opening" will be scaled at that value 
(see Figure 6.19a). The final output fuzzy set represents the union of previously scaled 
output fuzzy sets for the first and the third rule (see the right hand corner in Figure 6.19a). 
The final crisp value - louvre opening of 63.8% is obtained after applying the Centre of 
gravity defuzzification method on the final output fuzzy set. 
The outside temperature of 25°C and Inside temperature of 17°C have fired the fourth and 
eight rule in Controller 3L rule base (see Figure 6.19b) and fifth rule in Controller 4L rule 
base (see Figure 6.19c). The final output fuzzy sets are again formed as the union of the 
previously scaled output sets of each fired rule as described in detail in the cases of 
controller 2L. 
Chapter 6 DESIGN OFA RULE BASED CONTROLLER FOR NATURALLY VENTILATED BUILDINGS 125 
OVaidepmp' 25 heldeorM - 22 Y"161 -2 rain "0 Low 'm - 
879 
i 
2 
3 
5I 
6 
7 
8 
15 35 15 35 
0 100 
Figure 6.20a Fuzzy processing of the controller 2L rule base 
atSM9, W W- 25 rNaaeemp - 22 
4 
SD 
7 
Bi 
15 35 15 35 
rain "0 Law p- 72.0 
NI 
NI 
L 
10 100 
Figure 6.20b Fuzzy processing of the controller 3L rule base 
a W*, &. - 22 
78 
4s 
i 
,o 
12 
i5 35 
5 
35 
Louv1 - 
Figure 6.20c Fuzzy processing of the controller 4L rule base 
Figure 6.20 Application ofMamdani min-max method to all of the 3 controllers and 
inputs defined by set 2 
Moo sl -2 
, 
eI'2 roh-0 
Chapter 6 DESIGN OFA RULE BASED CONTROLLER FOR NATURALLY VENTILATED BUILDINGS 
OLLaWeOM-25 Mkb emP-27 Wt al-2 rain-0 Lauvp-575 
2 
3 
4 Eýd 
5C l 
8 
7 
8 
15 35 15 35 
0 100 
Figure 6.21 a Fuzzy processing of the controller 2L rule base 
CVe enp -25 haide ry-27 
1 
3ý 
6 
15 35 15 35 
'A, Gl-2 r. h -o Lwv 72ß 
NI 
NI 
10 00 
Figure 6.21 b Fuzzy processing of the controller 3L rule base 
dtSd eii 25 WWdsemp 27 % kid 2 rain "0 Louvp-54s 
2 
3 
4 
5 
6 
7 
8 
S 
10 
I 
11 
12 
15 75 15 35 LýJ 
0 100 
Figure 6.21c Fuzzy processing of the controller 4L rule base 
126 
Figure 6.21 Application of Mamdani min-max method to all of the 3 controllers and 
inputs defined by set 3 
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Input set 2 is defined by the Outside temperature of 25°C, Inside temperature of 22°C and 
Wind speed of 2m/s. The wind speed of 2m/s, as already described for the input set I, has 
fired the first rule in the rule bases of all controllers with the fuzzy outputs contributing to 
the louvre closure scaled at 0.2 level (see Figure 6.20). The output temperature of 25°C 
and Inside temperature of 22°C have fired rule eight in the rule base of Controller 2L (see 
Figure 6.20a), rule eight in the rule base of Controller 3L (see Figure 6.20b) and second 
rule in the rule base of Controller 4L (see Figure 6.20c). Since the inside temperature of 
22°C fully belongs to fuzzy set "Acceptable" (see Figure 6.2) and the outside temperature 
of 25°C to fuzzy set "Average"(see Figure 6.4 and 6.9) the output fuzzy sets of the fired 
rules participate fully in the final output set for all controllers (see right hand corners in 
Figures 6.20a, 6.20b and 6.20c). 
Input set 3 defined by the Outside temperature of 25°C, Inside temperature of 22°C and 
wind speed of 2m/s has fired three rules in all rule bases, see Figure 6.21. Rules number 
1,5 and 8 have been fired in the case of controller 2L (see Figure 6.21 a); number 1,6 and 
8 in the case of Controller 3L (see Figure 6.21b) and number 1,2 and 10 in the case of 
Controller 4L (see Figure 6.21c). Apart from the fuzzy output of the eight rule in the rule 
base of controller 3L whose degree of the premise applicability equals one, all of the 
other output fuzzy sets have been scaled to different levels. The final fuzzy output sets are 
again formed as the union of the previously scaled output sets of each fired rule as already 
described in details in the case of input set 1. 
Simultaneous comparison of all 3 controllers is presented and discussed in Chapter 7. 
6.4 SUMARY 
In this chapter a design process of a rule based controller for naturally ventilated 
buildings has been described in great detail. After explaining the basic theoretical 
considerations, aspects of input and output variable choice together with their linguistic 
labels have been explained and presented. Three different rule-bases of different 
complexity have been developed and presented. The control surface was simulated in 
input-output space for all controllers as shown in Figures 6.16 to 6.18. Control action 
depends on the rule on the rule composition. The differences in the controllers' rules 
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composition process are presented in more detail through the examples of the Mamdani 
inference method application. 
Chapter 7 
VALIDATION OF THE CONTROLLERS 
7.1 INTRODUCTION 
The designed and commissioned controllers have to be evaluated. Although on-line 
implementation of fuzzy logic controllers demonstrates the ability of the controller, off- 
line simulation offers the possibility of testing controllers under extreme conditions 
regardless of the physical limitations of a test cell. 
In this chapter results from both simulation and experimental validation are presented. 
Simulations were performed for different typical levels of input parameters and also for 
extreme fictitious conditions. Simulations were carefully designed to allow simultaneous 
comparison of different controllers' performances. In the second part of this chapter 
results from the experimental on-line validation are presented and discussed. 
7.2 VALIDATION THROUGH SIMULATION 
The main purpose of this validation stage was to investigate the performance of the fuzzy 
logic controllers (FLCs) described in Chapter 6 for different inside temperature levels 
under various weather conditions. Since developed FLCs are of different complexity, a 
simulation block diagram in Simulink has been designed which enables comparison 
110 
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between the performance of different controllers. Simulation block diagram is presented 
in Figure 7.1. 
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Figure 7.1 Simulation block diagram for simultaneous comparison of controllers 
performance 
The simulations were performed for three different levels of inside temperatures: 17°C, 
22°C and 27°C. These temperature values were chosen according to the Inside 
Temperature membership functions (see Chapter 6, Figure 6.5). Measured values for 
outside temperature and wind speed were used as simulation inputs. Four typical outside 
weather conditions for summer covering wide temperature ranges and different wind 
velocities were investigated: 
" case 1: cold period with low wind and almost constant temperature, 
" case 2: hot period with low wind and constant increase in outdoor temperature 
contributing to total increase of 5°C, 
" case 3: cold period with further sharp decrease in outdoor temperature of 4°C 
in less then an hour with high wind, and 
" case 4: hot period with moderate wind and steady increase in outdoor 
temperature of total 3°C. 
Outdoor temperatures and wind velocities for all cases are presented in Figure 7.2. For all 
cases wind direction was measured windward. 
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7.2.1 Simulation results 
132 
Simulated louvre openings for different controllers and different weather conditions 
(cases I to 4) and for inside temperature of 27°C are shown in Figure 7.3. Indoor 
temperature of 27°C is very high but possible in summer conditions, especially in the case 
of high internal loads. In all Figures in this chapter the solid red line with point marks 
represents the action of controller 2L, the solid green line with plus marks the action of 
controller 3L and the blue solid line with star marks the action of controller 4L unless 
stated differently. 
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Figure 7.3 Simulation results for different weather conditions and inside temperature of 
27°C 
The results for the controller 2L for case I (see Figure 7.3a) are showing a rather constant 
level of louvres opening, around 50%. Outside temperature was throughout the 
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experiment between 17°C and 18°C (see Figure 7.2a) thus mainly belonging to fuzzy set 
"Low" with the degree of membership between 0.65 and 0.5 (see Figure 6.11). Inside 
temperature of 27°C belongs to fuzzy set "Acceptable" with the degree of membership of 
0.3 and at the same time to fuzzy set "High" with degree of membership of 0.2. Since all 
inputs did not change much, the same rules have been fired with a very similar degree of 
premise applicability leading to almost constant crisp output values. The results for 
controllers 3L and 4L are showing the same: because of the rather constant fuzzy input 
values, output is also almost constant. Both controllers are maintaining louvre opening 
around 65%, controller 3L maintaining a slightly larger value (see Figure 7.3a). On a few 
occasions wind speed was higher than lm/s, thus firing the first rule for all controllers 
which contributes to louvre closure (see Figures 6.11 to 6.13). The rules composition 
effect is clearly shown in the case of the results for controllers 3L and 4L. Each time wind 
speed was higher than Inds there was a slight decrease in the opening area (see Figure 
7.3a). 
For cases 3 and 4 outside temperature is also lower than assumed indoor temperature (see 
Figure 7.2c and d). Higher wind velocities for those cases have caused smaller opening 
areas for all 3 controllers compared to the results obtained for case 1. Around the 80`h 
minute of case 3, wind speed drops down to lm/s resulting in very low or equal to zero 
premise degree of applicability for the first rule and thus increase in the opening areas. 
For the case of controller 2L opening area has increased to 55%, for controller 4L to 60% 
plus and for the controller 3L up to 70%, see Figure 7.3c. 
Outdoor temperature is the highest for case 2 weather conditions. After the 160`h minute 
of the measurements it reaches values above 27°C up to 29°C (see Figure 7.2b). Although 
at that moment outdoor temperature is higher than indoor the action of the controller 
remains constant, because the outdoor temperature did not change membership, but 
stayed inside the Average fuzzy set for both controllers 2L and 3L (see Figure 6.11 and 
6.12). Controller 2L keeps the louvre opening level around 65% and controller 3L around 
80% (see Figure 7.3b). However, because outdoor temperature is described with a larger 
number of membership functions in the case of controller 4L, the controller recognises 
the situation when outdoor temperature starts rising above indoor and starts closing the 
louvres from 65% down to 60% (see Figure 7.3b). Outdoor temperature values above 
27°C belong more to fuzzy set "High" than "Average" thus firing rules that contribute to 
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the louvre closure (see Figure 6.13). Rule bases of all controllers were designed to assure 
relatively large opening areas in the case of high temperatures thus contributing to the air 
movement inside a space in order to diminish the feeling of discomfort due to high 
temperature values. 
In general for the indoor temperature of 27°C, controller 2L is the most restrictive and 
controller 3L the most permissive one for all outdoor conditions as the results in Figure 
7.3 show. During windy conditions, cases 3 and 4, high wind speed contributes to 
decrease in the opening areas (see Figures 7.3b and c). 
Simulated louvre openings for different controllers and different weather conditions (case 
I to case 4) and inside temperature of 22°C are shown in Figure 7.4. 
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Figure 7.4 Simulation results for different weather conditions and inside temperature of 
22°C 
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The results for all controllers obtained for case 1 when outdoor temperature is lower than 
indoor throughout the experiment and presented in Figure 7.4a are showing a similar 
trend as already discussed for the results in the case of indoor temperature of 27°C. Again 
all fuzzy inputs have more or less similar values thus firing the same rules with a similar 
premise degree of applicability. The only difference compared to the simulation results 
for the indoor temperature of 27°C is that now when indoor temperature is lower, all 
controllers tend to close the louvres slightly more. Controller 4L keeps the louvre open at 
about 60% of the maximum opening area compared to 65% plus, controller 3L has 
decreased opening area by a few percent only while controller 2L decreases the opening 
area from 45% to 40% (see Figures 7.4a compared to Figures 7.3a) but only in the last 40 
minutes of the experiment when outdoor temperature drops to 17°C (see Figure 7.2a). The 
results for case 3 with the lowest outdoor temperature (see Figure 7.2c) presented in 
Figure 7.4c show that a decrease in outdoor temperature over the last hour of the 
experiment from 19°C to 15°C causes continuous decreasing of the louvre opening area in 
the cases of controllers 2L and 3L. Values of the outside temperature during that hour are 
moving further away from fuzzy set "Average" towards fuzzy set "Low" thus increasing 
the degree of premise applicability of the rules contributing to the louvre closure (see 
Figures 6.11 and 6.12). During the same time controller 4L is keeping the louvre opening 
level at around 55% of the maximum area because the degree of premise applicability 
does not change much due to the larger number of membership functions describing the 
outside temperature. 
The results obtained for cases 2 and 4 and indoor temperature of 22°C are showing a 
similar trend to the results for the indoor temperature of 27°C although in this case 
controller 4L is the most restrictive one. Temperature inputs are belonging to the same 
fuzzy sets in both cases for all three controllers (see Figures 6.11 to 6.13). On the other 
hand the higher number of membership functions describing the outdoor temperature in 
the case of controller 4L contributes to a larger number of rules being fired and 
participating in the rule composition leading to the final value of crisp output. The 
oscillation in control signal is the result of the wind speed changes. 
Simulated louvre openings for different controllers, different weather conditions (cases 1 
to 4) and for inside temperature of 17°C are shown in Figure 7.5. Indoor temperature of 
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17°C in combination with weather conditions could be a representative situation for the 
morning temperatures during the colder periods, cases I and 3, or a situation just after a 
colder period, case 2 and 4. 
For this combination of outdoor and indoor temperatures controllers 2L and 3L have 
practically the same behaviour (see Figure 7.5). Controllers 2L and 3L have the same 
fuzzy sets for indoor and outdoor temperatures and slightly different fuzzy sets for louvre 
opening. In this case fuzzified temperature inputs are firing similar rules with similar 
fuzzy outputs (see Figure 6.11 and 6.12). 
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Figure 7.5 Simulation results for different weather conditions and inside temperature of 
17°C 
The results obtained for cases I and 3 are showing that controller 4L keeps louvre 
opening around minimal ventilation requirements level (see Figure 7.5a and c). As in 
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previous simulations, case 1 is characteristic of almost constant fuzzy inputs leading to 
almost constant output crisp values. A decrease in outdoor temperature for case 3 (see 
Figure 7.2c) causes a decrease in the louvre opening area for all controllers. Controller 4L 
almost completely closes the louvres, whilst controllers 2L and 3L close them from 60% 
down to 30% of the maximal opening area. The results show that when both indoor and 
outdoor temperatures are very low controller 4L is the most restrictive one. While 
controllers 2L and 3L decide on the level of the opening based on the relation between 
outdoor and indoor temperature, controller 4L is capable of performing a step further, by 
not allowing cold outdoor air inside the space with an already low temperature. 
Cases 2 and 4 are characterised by outdoor temperature being much higher than indoor 
(see Figures 7.2b and d). Controller 4L has responded by opening the louvres more than 
the other two controllers (see Figures 7.5b and d). Outdoor temperature values for case 2 
have a larger span compared to case 4 thus moving gradually from fuzzy set "Average" to 
fuzzy set "High" (see Figure 6.13), firing different rules all resulting in constant increase 
of the output value - louvre opening area (see Figure 7.5b). Oscillations in the louvre 
opening area for case 4 (see Figure 7.5d) are mainly due to the wind speed changes. 
The sudden changes of the opening areas in the last minutes of the simulation results for 
case 3 for all indoor temperatures (see Figures 7.3c, 7.4c and 7.5c) are due to the fact that 
input outdoor temperature of 14°C is outside the predicted range (see Figures 6.11 to 
6.13). In cases like that the software reports the error situation, but does not stop the 
simulation. It continues the calculation process with the average value for the variable 
domain. In other words a temperature of 25°C was processed as an input value for the 
outdoor temperature. 
Summary 
The overall results show that all the controllers are capable of adjusting the opening 
positions with changes in inside and outside conditions. All controllers satisfy security 
demands due to a strong wind and tend to regulate larger opening areas during the days 
with almost no wind compared to windy days. Controller 4L with more membership 
functions and therefore larger number of IF-THEN rules is more responsive to changes in 
outside conditions. The larger number of membership functions describing outdoor 
temperature and louvre position enables controller 4L to adjust the quantity of the air 
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(opening area) not only according to the indoor/outdoor temperature difference, but also 
to the absolute values of those temperatures. However, the simulation results indicated 
that all controllers are capable of responding to the changes in outside condition by 
adjusting the opening positions. 
7.2.2 High wind speed sensitivity 
7. 
It is of great importance to investigate controller robustness to sudden increases in wind 
speed. A random number generator was used to simulate a fictitious wind speed 
distribution between min and maximum values of I and 7m/s resulting in a wind profile 
given in Figure 7.6. 
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Again all three designed controllers were tested. Input outside temperatures were as given 
for cases 3 and 4 weather conditions representing cold and hot summer day respectively 
(see Figures 7.2c and d). Input wind speed was as in Figure 7.6. Three different levels of 
inside temperature were considered. 
The results for the cold summer day are presented in Figure 7.7. The only difference 
between simulation inputs used here compared to case 3 inputs in the previous paragraph 
7.2.1 is the wind profile. If results obtained for the inside temperature of 27°C are closely 
compared (see Figure 7.7b and Figure 7.3c), it can be observed that the general pattern of 
the controllers' behaviour did not change. Controller 3L is still the most permissive one, 
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controller 2L the most restrictive one and controller 4L the most responsive one. When 
the wind is very strong the degree of premise applicability for the first rule in all three 
rule bases is much higher causing smaller opening areas in Figure 7.7b compared to 
Figure 7.3c. On the other hand when the wind speed is close to Om/s the first rule is not 
fired at all and opening areas are much larger. The same pattern can be found if closely 
comparing results for the inside temperature level of 22°C (results in Figure 7.7d to 
Figure 7.4c) and 17°C (results in Figure 7.7c to Figure 7.5c). 
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Figure 7.7 Simulation results of controllers 'response to a sudden wind changes for a 
typical cold summer day 
The results for the hot summer day are presented in Figure 7.8. Again the only difference 
between simulation inputs used here compared to case 4 inputs in the previous paragraph 
7.2.1 is the wind profile. 
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Figure 7.8 Simulation results of controllers 'response to a sudden wind changes for a 
typical warm summer day 
Simulation results for the hot summer day show the same; the fictitious wind profile 
shown in Figure 7.6 did not change the general pattern of the controllers' behaviour. 
Comparing simulation results for different inside temperature levels (Figure 7.8b to 
Figure 7.3d for the inside temperature of 27°C; Figure 7.8d to Figure 7.4d for the inside 
temperature of 22°C and Figure 7.8c to Figure 7.5d for the inside temperature of 17°C), it 
can be seen that when wind speed is very close to Om/s the controllers react by opening 
the louvres more and with wind speed close to 7m/s by closing them more. 
Overall results demonstrated that sudden changes in wind speed do cause the controllers 
to change the opening area in a very responsive but stable way. 
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7.2.3 Outdoor temperature variation sensitivity 
141 
Controller sensitivity to sudden changes in outdoor temperature was also investigated. 
The fictitious profile of outdoor temperature used as input for the simulations is show in 
Figure 7.9. It was based on real temperature profile whose temperature values were 
increased by 4°C in the middle part thus providing both a sudden increase and a sudden 
decrease in outdoor temperature. Simulations are performed for three different indoor 
temperature levels. Input wind speed is given in Figure 7.10. The simulation results for 
different inside temperatures are presented in Figure 7.11. 
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Outside air with temperature profile as shown in Figure 7.9 does not have the same 
cooling capacity throughout the day. If the inside temperature is 27°C, the louvres should 
be opened more during the period of increased outside temperature exactly as simulation 
results are shown, see Figure 7.11a. Similar results are obtained for the inside temperature 
of 22°C (see Figure 7.11 b). For 30 minutes, from the 60`' to the 100`h minute of the 
experiment, outdoor temperature was higher than 22°C, but the louvre opening areas were 
the same as in the case of indoor temperature of 27°C. If the controllers were designed 
simply to compare outdoor and indoor temperatures in the sense of binary on/off logic, 
louvre opening would be decreasing. But in terms of fuzzy logic, the prevailing factor 
was that both 22°C and 27°C mainly belong to same fuzzy set "Acceptable" (see Figures 
6.11 to 6.13) thus producing the similar outputs for both levels of indoor temperature. 
Closure of the louvres in a single sided naturally ventilated space when inside temperature 
is 22°C and outside 23°C would only contribute to a feeling of discomfort due to a limited 
air movement. 
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Figure 7.11 Simulation results of controllers sensitivity to a change in outdoor 
temperature 
When inside temperature is 17°C the outside temperature is practically all the time higher, 
but the difference between outside and inside temperature changes a lot during the 
experiment. Controllers 2L and 3L are regulating the louvres in a similar manner as in the 
previous case of indoor temperature of 22°C regardless of indoor-outdoor temperature 
difference (see Figure 7.11c). Controller 4L on the other hand keeps the louvre opened at 
a very low level during the periods when outdoor temperature is rather low (see Figure 
7.11 c). The moment outside temperature rises well above 17°C controller 4L substantially 
increases the opening area. 
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Results presented in Figure 7.11 have confirmed that controller 4L (the one with the 
largest number of membership functions and consequently rules) can better assess the 
cooling capacity of the outdoor air. 
7.2.4 Conclusions 
Simulation results have shown that all 3 controllers are capable of responding to changes 
in outside condition by adjusting the opening positions. They satisfy security 
requirements due to strong wind and successfully, in stable manner respond to sudden 
changes in wind speed and outdoor temperature. Controller 4L with more membership 
functions and therefore larger number of IF-THEN rules was more responsive to changes 
in outside conditions. 
7.3 EXPERIMENTAL EVALUATION 
As already defined, inputs to the controller are indoor and outdoor temperatures, wind 
speed and direction and rain detection. The latter was at this stage introduced manually 
using the Simulink graphical user's interface (GUI). Sensors thus had to be provided for 
temperatures, wind speed and direction. The existing weather station was capable of 
providing signals for outside temperature, wind speed and direction, but of a different 
nature. Whilst outside temperature sensor was digital, wind speed and direction were 
analogue. The weather station was re-wired to the controller transferring analog signals 
from wind speed and direction sensors to a computer via input/output board as already 
described in detail in Chapter 3. Two thermocouples had to be placed outside and inside 
to measure the outside and indoor temperatures and send the appropriate signals to the 
controller. All input parameters were recorded every two minutes and based on measured 
values the output signal was send to the louvre motors (for details refer to Chapter 3). 
Over a number of days an initial evaluation was performed with outdoor and indoor 
temperatures measurements online, while wind speed were averaged and given manually 
through Simulink block diagram together with rain detection, see Figure 7.12. Before the 
start of the experiment, the value of averaged wind speed was estimated based on local 
weather station readings. This initial approach enabled detailed recording of outdoor 
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conditions while the controller was in operation. The temperatures were measured by the 
thermocouples, so if only temperature signals were processed online, the weather station 
was free to operate independently of the controller. 
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Figure 7.12 Simulink block diagram with online temperature measurements 
A Simulink block diagram for the case where all inputs to a fuzzy controller were on-line 
recorded is given in Figure 7.13. Matlab code for this case is given in Appendix B. 
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Figure 7.13 Simulink block diagram of a process with all inputs online 
Throughout the validation process indoor air temperatures and velocities were measured 
at four different locations at six different heights as previously described in Chapter 5 (see 
Figure 5.1). For each experiment time variation of outdoor temperature and indoor 
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temperatures on locations L1 and L4 were presented in parallel. Indoor temperatures on 
both locations have been averaged in height thus representing temperature at about 1.5m 
height from the floor level. Locations L1 and L4 were chosen because they have the most 
characteristic position with respect to louvers (L4 being right in front and LI further 
back). Wind speed was also recorded and presented. 
To enable comparison of air flow distribution inside the cabin with and without the 
controller in action, the results from the validation experiments are presented in the same 
manner as the results in Chapter 5. The variation of temperature and air speed in time for 
every measuring point at each of the four locations has also been presented. Since air 
speed does not appear to be significantly time dependent, time-averaged air speed 
distribution as a function of height has been calculated and presented. Also the variation 
of temperature stratification (dT=Theca level - Tankie level) for each of four locations in time 
has been calculated and presented. Head level corresponds to a 1.9m height and ankle 
level to 0.3m. Validation results are presented for each controller separately. 
7.3.1. Controller 2L 
Membership functions and "IF-THEN" rules for the controller 2L are given in Figure 
6.11. Controller 2L has been tested on two different occasions: during the afternoon on 
the 23`d of July 2001 and throughout the whole day on the 1 B` of August 2001. 
Environmental conditions on the 23d of July are presented in Figure 7.14. Wind speed as 
recorded by the local weather station is indicating a relatively windy day with average 
wind speed of 1.15m/s which is very close to the estimated input value for the average 
wind speed of 1.5m/s. Outside temperature shown together with inside temperatures on 
locations LI and L4 is indicating a warm summer day with average temperature slightly 
below 22°C. 
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Figure 7.14 Environmental conditions and resulting indoor temperatures during 
controller 2L operation on the 23'd of July (12.00 until 15.00) 
Indoor temperatures are the result of the controller action presented in Figure 7.15. The 
results show steady control signal around the value of 6V. Oscillations in the control 
signal are the consequence of the rule composition process with only two fuzzy sets 
describing the output variable (see Figures 6.11,6.19a, 6.20a and 6.21a). Since wind 
speed as an input has a constant value, fuzzy output corresponding to the first rule will 
have a constant scaling factor. On the other hand the scaling factor for the outputs 
resulting from the rules concerned with temperatures will vary according to their degree 
of premise applicability. Because of the shape of output fuzzy sets, every time the final 
output MF is covering the whole universe of disclosure. Since crisp output values are 
calculated as centres of area, the slightest change in the shape of the final output MF 
would cause a noticeable change in the final crisp value. 
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Figure 7.15 Control signal on the 23rd of July 
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If the resulting indoor temperatures are compared with the situation when the louvre 
position was arbitrarily chosen to be 6V and kept constant (see Appendix E, Figure E7a), 
it can be seen that the temperature difference between indoor and outdoor is almost 
always higher than 2°C when there is no control action even though outdoor temperature 
on the 8`h of August (see Figure E7a) is much lower than on the 23`d of July (see Figure 
7.14). 
The detailed temperature distribution is presented in Figure 7.16. The variation of 
temperature difference between head and ankle levels dT in time for all four locations is 
presented in Figure 7.17. 
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Figure 7.16 Temperature distribution on the 23rd ofJuly 
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Figure 7.17 Variation of temperature difference between head and ankle levels on the 23"d 
of July 
Average temperature difference between head and ankle level was less than 3°C. The 
lowest temperature difference of 2.6°C was measured at location L3 and the highest at 
location L4 of 3.3°C. 
The detailed air speed distribution is presented in Figure 7.18. Air speed values seem to 
be rather constant. Air speed profiles on all four locations are shown in Figure 7.19. 
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Figure 7.18 Air speed distribution on the 23rd of July 
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Results obtained for the controller 2L on the l S` of August are presented in Figures 7.20 to 
7.25. Environmental conditions are presented in Figure 7.20. Wind speed as recorded by 
the local weather station is indicating a calm day with the average wind speed of 0.9m/s. 
Outside temperature shown together with inside temperatures on locations LI and L4 is 
indicating a hot summer day with the average temperature of 24.6°C. 
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Figure 7.20 Environmental conditions and resulting indoor temperatures during 
controller 2L operation on the 1 s` of August (from 11.00 to 16.29 hours) 
Indoor temperatures shown in Figure 7.20 are the results of the controller action presented 
in Figure 7.21. On a few occasions the louvres were left open during the night thus 
allowing ventilation with the cooler outside air resulting in lower inside temperature in 
the morning (see Figure 7.20 compared to Figure 7.15). While outside temperature were 
higher than inside during the first 40 minutes of the experiment (see Figure 7.20) the 
controller was regulating a smaller opening area than during the rest of the day when 
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inside temperature were higher than outside, see control signal shown in Figure 7.21. 
Indoor temperature is increasing throughout the day, but it follows the outdoor closely. 
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Figure 7.21 Control signal on the I" ofAugust 
The oscillation in the control signal value is a consequence of unstable outside 
temperature measurements. Occasionally a communication problem between I/O board 
and Data Acquisition toolbox would occur and instead of transferring the correct voltage 
signal readable on the I/O board, Matlab workspace would have a value for the outdoor 
temperature corresponding to a lowest voltage level what is 15°C. Input value of 15°C for 
outdoor temperature would fire the rule contributing to the louvre closure with a high 
degree of premise applicability (see Figure 6.11). 
The detailed temperature distribution in the test cell is presented in Figure 7.22. 
Unrealistic louvre closure (see Figure 7.21) has certainly influenced inside temperature. it 
is important to emphasise that the inside temperatures which would have been obtained if 
there was no problem would be lower than measured inside temperatures presented in 
Figures 7.20 and 7.22. The resulting indoor temperatures could nevertheless be regarded 
as close enough to the conditions which should have been recorded if there were no 
measurement problems considering that a test cell is a fast-responding control object. 
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Figure 7.22 Temperature distribution on the IS` ofAugust 
Temperature difference between head and ankle levels dT for all four locations is 
presented in Figure 7.23. Average temperature difference between head and ankle level 
was less than 3°C. The lowest temperature difference of 2.6°C was at location L3 and the 
highest at location L4 of 3.2°C. 
Temperature distribution 
Figure 7.23 Variation of temperature difference between head and ankle levels on the Isr 
of August 
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The detailed air speed distribution is presented in Figure 7.24. Air speed values seem to 
be rather constant. Air speed profiles on all four locations are shown in Figure 7.25. 
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Figure 7.24 Air speed distribution on the T" of August 
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Figure 7.25 Air speed profiles on the I'" of August 
Summary 
The results obtained during both days of controller 2L experimental validation have 
shown that inside temperature is increasing throughout the day under the influence of 
internal heat gains regardless of the action of the controller. Nevertheless the temperature 
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difference between head and low level satisfies comfort conditions and the indoor 
temperature follows the outdoor relatively closely throughout the whole day. 
7.3.2 Controller 3L 
Membership functions and "IF-THEN" rules for controller 3L are given in Figure 6.12. 
Controller 3L has been tested on three different occasions: during the afternoon on the 
23rd of July 2001 and throughout the whole day on the 2"d of August 2001 with only 
temperature measurement online and on the 28 `h of September 2001 with all inputs 
processed online. 
Environmental conditions during the afternoon on the 23`d of July are presented in Figure 
7.26. Wind speed as recorded by the local weather station is not very high, average value 
being 0.66m/s. Outside temperature shown together with inside temperatures on locations 
L1 and L4 is indicating a very hot summer day with average temperature of 26°C. 
Throughout the night between 26th and 27`h of July the louvres were left half open which 
explains the lower indoor temperature compared to outdoor at the beginning of 
experiment (see Figure 7.26). The results are showing that indoor temperature follows 
outdoors very closely and that indoor/outdoor temperature difference is much smaller 
than when there is no control (see Appendix E). 
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Figure 7.26 Environmental conditions and resulting indoor temperatures during 
controller 3L operation on the 27`h of July (from 12.15 to 16.14 hours) 
Measured indoor temperatures are the result of the controller action presented in Figure 
7.27. The results are showing a very stable control signal with a value around 8V. 
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Compared to controller 2L, the control signal in this case is smoother, which confirms the 
general rule that a bigger number of IF-THEN rules and/or membership functions 
contributes to a smoother control signal. Controllers 2L and 3L have the same number of 
rules, but controller 3L has more membership functions describing the output variable 
(see Figure 6.12). 
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Figure 7.27 Control signal on the 27`h of July 
Small oscillations in the control signal occur for the same reasons already described in the 
case of controller 2L (see argument about the results presented in Figure 7.15). However 
in this case due to the increased number of MFs describing louvre position the final 
output MF would cover only part of the universe of disclosure and consequently centre of 
that area would be less sensitive to the scaling factor. 
The detailed temperature distributions are presented in Figure 7.28. Variation of 
temperature difference between head and ankle levels dT for all four locations is 
presented in Figure 7.29. 
Chapter 7 VALIDATION OF THE CONTROLLERS 155 
Indoor air temperatures, L3 Indoor lampar. Wraa, U, controINr 3L 
27/07101, afternoon, TT L4 -27 3C 
35 
33 
31 
29 
27 
25 
23 
33 
35 
31 
27 
25 
21 23 
tp 21 19 
17 17 
15 15 
0 30 00 90 120 150 160 210 240 0 20 40 E0 90 100 120 140 /E0 160 200 220 240 260 
TYm (min] T. (Mn( 
-13 14 15 16-17-18-avarpý' -19 20 21 22 -23-24-aNr40. 
Indoor air temperatures, L2 Indoor temperatuna, LI 
27/07/01. ahem on, T. -27 2C 
35 
33 
35 31 
29 
27 
31 
25 
23 
27 
25 
21 23 
19 
21 
17 
19 
7 
0 30 60 90 120 150 140 210 240 0 20 40 60 so 100 120 140 100 100 200 220 240 280 
Tim. (mini TYn. (mini 
-7 9 11 12-avrap. i -1 35 a-warp 
Figure 7.28 Temperature distribution on the 27`x' ofJuly 
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Figure 7.29 Variation of temperature difference between head and ankle levels on the 27`h 
of July 
Average temperature difference between head and ankle level was less than 3°C. The 
lowest temperature difference of 2.5°C was at location L3 and the highest at location IA 
of 3.1 °C. 
The detailed air speed distribution is presented in Figure 7.30. Air speed values seem to 
be rather constant except for the measuring point number 20 at location L4 which is in 
front of the opening. Air speed profiles on all four locations are shown in Figure 7.3 1. 
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Figure 7.30 Air speed distribution on the 2 71" of July (from 12.15 to 16.14 hours) 
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Figure 7.31 Air speed distribution on the 27`h of July 
Results obtained for controller 3L on the 2nd of August are presented in Figures 7.32 to 
7.37. Environmental conditions are presented in Figure 7.32. 
Chapter 7 VALIDATION OF THE CONTROLLERS 157 
Wind velocity 
02/08/01, Vs%era99=0.57Ms, Vmax=l. SMs 
7 
äa 
2 
0 
0 20 40 90 90 100 120 UO 1e0 190 200 220 240 260 280 300 320 
TI.. (minJ 
Outdoor and Indoor bmpsraWr, R con, ollar X 
02/09/01, T- ,,,, y, " 19 30C 
35 
33 
31 
29 
r 27 
25 
2ý - 
21 _ -- 
17 
19 
15 
0 20 40 !0 80 100 120 140 180 100 200 220 240 200 280 300 320 
J- T .Am, u m. u 
Figure 7.32 Environmental conditions and resulting indoor temperatures during 
controller 3L operation on the 2"d of August (from 10.45 to 16.00 hours) 
Wind speed shown as recorded by the local weather station indicates a day with almost no 
wind with an average wind speed of 0.53m/s, but with leeward wind direction. The input 
value for estimated averaged wind speed has been set up to 1.2m/s which was an obvious 
overestimation. Outside temperature shown together with inside temperatures on the 
locations L1 and L4 is indicating a mild summer day with average temperature of 
19.36°C. 
Controller action as a result of measured and estimated input data is presented in Figure 
7.33. The results are showing that the controller has increased the signal aller the 80`h 
minute of the experiment. At the same time the values for outdoor temperature were 
becoming more and more "Average" than "Low" according to MFs describing outdoor 
temperature (see Figure 6.12). Fuzzy values of the indoor temperature on the other hand 
belonged to fuzzy set "Acceptable" throughout the experiment, but with an increase in the 
degree of membership. Both factors contributed to the increase of the control signal. 
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Figure 7.33 Control signal on the 2"d of August 
Again the same measurement problems were experienced and the same argument is valid 
for the performance of controller 3L on the 2"d of August as was for the controller 2L 
performance on the 1st of August (Figure 7.21). 
The detailed temperature distribution is presented in Figure 7.34, although values would 
be lower if there were no disturbances in the control signal during the experiment and if 
wind speed was not overestimated. Both too low outdoor temperature and wind speed 
above lm/s were firing rules contributing to the louvre closure. 
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Figure 7.34 Temperature distribution on the 2 iid of August 
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Temperature difference between head and ankle levels on all four locations is presented in 
Figure 7.35. Average temperature difference between head and ankle level was less than 
3°C. The lowest temperature difference of 2.5°C was at location L3 and the highest at 
location L4 of 3.1 °C. 
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Figure 7.35 Variation of temperature difference between head and ankle levels on the 2"d 
of August 
The detailed air speed distribution is presented in Figure 7.36. Air speed values seem to 
be rather constant except for the measuring point number 20 at location L4 which is in 
front of the opening. Air speed profiles on all four locations are shown in Figure 7.37. 
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Figure 7.36 Air speed distribution on the 2 "' of August (from 10.45 to 16.00 hours) 
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Figure 7.37 Airspeed distribution on the 2"" of August 
160 
Validation experiment with all inputs online 
Controller 3L has also been tested with all inputs online on the 28`h of September using 
Simulink block diagram shown in Figure 7.13. All information about environmental 
conditions was in this case obtained through MATLAB workspace since local weather 
station sensors were rewired directly to a computer hosting a controller. Outdoor 
temperature as recorded on-line by the controller 3L and shown in Figure 7.38 is 
indicating a hot summer day. 
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Figure 7.38 Outdoor temperature on the 28th of September 
Control action on the 28`h of September based on on-line measured indoor and outdoor 
temperatures and wind speed is shown in Figure 7.39. The results again indicate a very 
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smooth control action with a control signal slightly increasing during the experiment from 
7V to 7.2V. 
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Figure 7.39 Control action on the 28`h of September 
Resulting indoor temperatures on all four locations L1 to L4 are shown in Figure 7.40. If 
the temperature profile and its values are compared with the measured outdoor 
temperature (see Figure 7.38), it can be concluded that indoor temperature follows 
outdoor very closely and is almost always lower. 
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Figure 7.40 Indoor temperature distribution on the 28'h of September 
The detailed temperature distributions are presented in Figure 7.41. Variation of 
temperature difference between head and ankle levels for all four locations is presented in 
Figure 7.42. 
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Figure 7.41 Temperature distribution on the 28 `h of September 
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Figure 7.42 Variation of temperature difference between head and ankle levels on the 28'h 
of Septem ber 
Average temperature difference between head and ankle level was less than 3°C. The 
lowest temperature difference of 2°C was at location L3 and the highest at locations L4 
and L2 of 2.6°C. 
The detailed air speed distribution is presented in Figure 7.43. Air speed values seem to 
be a bit more dependent on the location compared to the previous cases, although in 
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general values are still rather low and very similar throughout the Cabin. Air speed 
profiles on all four locations are shown in Figure 7.44. 
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Figure 7.43 Air speed distribution on the 28`h of September 
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Figure 7.44 Air speed profiles on the 28`" of September 
Summary 
In terms of temperature distribution controller 3L has shown better results compared to 
controller 2L: indoor temperature follows outdoors more closely and the temperature 
difference between indoor and outdoor is smaller, although inside temperature is still 
Chapter 7 VALIDATION OF THE CONTROLLERS 164 
increasing throughout the day under the influence of high internal heat gains. 
Nevertheless the temperature difference between head and low level satisfies comfort 
conditions and indoor temperature follows outdoor relatively closely throughout the 
whole day. Controller 3L performed the best in terms of lowest temperature difference 
between head and ankle levels and higher air velocities with all input values measured 
and processed online. 
7.3.3 Controller 4L 
Membership functions and "IF-THEN" rules for controller 4L are given in Figure 6.13. 
Controller 4L has been tested on 3 different occasions: during the afternoon on the 30`' of 
July 2001 and throughout the whole day on the 6`h of September 2001 with only 
temperature measurement online and on the 1s` of October 2001 with all inputs online. 
Environmental conditions on the 30`h of July are presented in Figure 7.45. Wind speed as 
recorded by the local weather station indicates a windy day with average wind speed of 
I. 2m/s. Outside temperature shown together with inside temperatures on locations LI and 
L4 is indicating a hot summer day with the average temperature of 24.7°C. If compared 
with the results for the similar level of louvre opening when there was no control action in 
the test room (Figure 5.3 and Figure E7a in Appendix E), it can be seen that when the 
controller is working the indoor temperature follows outdoor much more closely and also 
the indoor/outdoor temperature difference is smaller. 
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Figure 7.45 Environmental conditions and resulting indoor temperatures during 
controller 4L operation on the 30`h of July (from 11.45 to 16.27) 
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Measured indoor temperatures are the result of the controller action presented in Figure 
7.46. The results show a very stable control action with a signal slightly below 6V. 
Comparing to the control signals produced by controllers 2L and 3L there has been 
further increase in signal smoothness in the case of controller 4L which can be attributed 
to larger number of rules and MFs. 
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Figure 7.46 Control signal on the 30`h of July 
The detailed temperature distribution is presented in Figure 7.47. 
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Figure 7.47 Temperature distribution on the 30 `h of July (from 11.45 to 16.27) 
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Temperature difference between head and ankle levels on all four locations is presented in 
Figure 7.48. The results are showing that temperature difference between head and ankle 
levels was always less than 3°C. As already mentioned the associated height difference is 
I. 6m leading to the conclusion that Controller 4L would satisfy both ASHRAE and ISO 
standard requirements. 
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Figure 7.48 Variation of temperature diJerence between head and ankle levels on the 3(ßh 
of July 
Average temperature difference between head and ankle level was much less than 3°C. 
The lowest temperature difference of 1.75°C was at location L3 and the highest at 
location L4 of 2.2°C. 
The detailed air speed distribution is presented in Figure 7.50. Air speed values seem to 
be rather constant, but a bit higher compared to the air velocities in previous experiments. 
Air speed profiles on all four locations are shown in Figure 7.51. 
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Figure 7.50 Airspeed distribution on the 3(1h of July (from 11.45 to 16.27) 
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Figure 7.51 Air speed profiles on the 3(1" of July 
Results obtained for controller 4L on the 6`h of September are presented in Figures 7.52 to 
7.57. Environmental conditions are presented in Figure 7.52. Wind speed, as recorded by 
the local weather station, indicates a day during which wind changes from almost no wind 
to a very strong wind in the afternoon hours with maximal wind speed of 3.5m/s. During 
the experiment input value for the averaged wind speed was 1.2m/s. Outside temperature 
shown together with inside temperatures on locations L1 and L4 is indicating a cold 
summer day with average temperature around 17°C. 
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Figure 7.52 Environmental conditions and resulting indoor temperature during controller 
4L operation on the 6`h of September (from 10.00 to 16.30) 
Measured indoor temperatures were the results of the controller action presented in Figure 
7.53. The results are indicating practically constant control signal of 6V. 
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Figure 7.53 Control signal on the 6 `h of September 
The detailed temperature distribution is presented in Figure 7.54. Temperature difference 
between head and ankle levels on all four locations is presented in Figure 7.55. 
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Figure 7.54 Temperature distribution on the 6`h of September (from 10.00 until 16.30) 
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Figure 7.55 Variation of temperature difference between head and ankle levels on the 6`h 
of September 
Average temperature difference between head and ankle level was much less than 3°C. 
The lowest temperature difference of 2.1°C was at location L3 and the highest at location 
L4 of 2.7°C. 
The detailed air speed distribution is presented in Figure 7.56. Air speed values seem to 
be rather constant except at measuring points 21 and 22 which are part of location 1.4 
right in front of the opening. 
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Figure 7.56 Air speed distribution on the 6 `h of September 
Air speed profiles on all four locations are shown in Figure 7.57. 
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Figure 7.57 Air speed profile on the 6 'h of September 
Validation experiment with all inputs online 
Controller 4L has also been tested with all inputs online using the Simulink block 
diagram in Figure 7.13. All information about environmental conditions was in this case 
obtained through MATLAB workspace since local weather station sensors were rewired 
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directly to a computer hosting a controller. Outdoor temperature as recorded on-line by 
the controller 4L presented in Figure 7.58 indicates a very cold summer day. 
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Figure 7.58 Outside temperature on the IS` of October 2001 
Indoor temperatures on all four locations, LI to L4 are shown in Figure 7.59. 
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Figure 7.59 Indoor temperature distribution on the l" of October 2001 
Measured indoor temperatures were the result of the control action shown in Figure 7.60. 
The control signal is again rather constant and slightly below 5V. Temperature conditions 
during the validation experiment didn't change very much; outdoor temperature was 
around 14°C throughout the experiment while indoor temperature has increased from 
19°C to 23°C. Regardless of the increase, inside temperature was all the time inside fuzzy 
set "Acceptable" with the degree of membership practically equal to I for the most part of 
the experiment. The constant fuzzy input value of the inside temperature was constantly 
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firing the second rule with the high degree of premise applicability thus creating the crisp 
output value around 5V (see Figure 6.13). 
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Figure 7.60 Control signal on the ls` of October 2001 
The detailed temperature distribution is presented in Figure 7.61. Temperature difference 
between head and ankle levels on all four locations is presented in Figure 7.62. 
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Figure 7.61 Temperature distribution on the 1 S` of October 2001 
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Figure 7.62 Variation of temperature difference between head and ankle levels on the 
of October 2001 
Average temperature difference between head and ankle level was much less than 3°C. 
The lowest temperature difference of 1.65°C was at location L3 and the highest at 
location L4 of 2.3°C. 
The detailed air speed distribution is presented in Figure 7.63. Air speed values seem to 
be rather constant. Air speed profiles on all four locations are shown in Figure 7.64. 
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Figure 7.64 Air speed profiles on the 1 S` of October 2001 
Summary 
In terms of temperature distribution controller 4L has shown much better results 
compared to controllers 3L and specially 2L. Although inside temperature is increasing 
throughout the day under the influence of internal heat gains it follows outdoor 
temperature closely throughout the whole day. Temperature difference between head and 
low level satisfies comfort conditions and is much less than 3°C, on some locations even 
below 2°C. The best performance of controller 4L in terms of lowest temperature 
difference between head and ankle levels and higher air velocities was on the I" of 
October when all input values were measured and processed online. 
7.3.4 Conclusions 
The aim of the controller is to improve thermal conditions in the single-sided naturally 
ventilated test room. Thermal comfort sensation depends on many factors. Those that the 
controller can influence are the indoor temperature levels and distribution and the air 
movement. If the minimal fresh air ventilation requirements are achieved in the building 
design stage, the main goal of the controller would be to achieve the acceptable indoor 
temperature levels. The weakest points of naturally ventilated spaces in general are: 
0 large temperature stratification and 
0 over-heating risk during summer. 
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Results from all experiments, independently of controller complexity and environmental 
conditions, are showing an averaged temperature difference between head level 
(measured at 1.93m) and ankle level (measured at 0.28m) lower than 3°C. During the 
days when the position of the louvres were regulated by controller 4L (the one with the 
highest number of membership functions and consequently IF-THEN rules) temperature 
difference was well below 3°C, at some locations even lower than 2°C. For simpler 
controllers on locations inside the test cell closer to the louvres, temperature stratification 
would occasionally become higher than 3°C, but only after 3 or more hours. In the very 
late afternoon hours on a warm summer days temperatures stratification would reach 5°C 
in the case of the simplest controller 2L (see Figure 7.17), but in the case of controller 3L 
would very rarely be above 4°C. Temperature stratification was always highest on 
location L4 right in front of the louvres and smallest on location L3 (see Figures 4.1 
and/or Figure 5.1). In terms of temperature stratification, controllers 3L and 4L showed 
best performance when all inputs were processed on-line. Averaged temperatures 
difference between head ankle level on the 28th of September 2001 was 2.42°C, see 
Figure 7.42 and on the 1st of October 20012°C, see Figure 7.62. 
Very often the fact that indoor temperatures follow outdoor more closely is quoted as one 
of the reasons why naturally ventilated buildings perform better in terms of perceived 
thermal comfort. Obviously it should be expected that this effect is even more 
pronounced if natural ventilation is controlled. Comparison between resulting indoor 
temperatures on all four location in respect of relevant outdoor temperature obtained from 
validation experiments - with control - and experiments with fixed louvre position - no 
control - indicates that the controller provides indoor temperatures that follow outdoor 
more closely. 
The highest recorded indoor temperatures during the validation experiments were 31 
°C on 
the 1" of August in the case of controller 2L (see Figure 7.20), 30°C on the 27`h of July in 
the case of controller 3L (see Figure 7.26) and 29°C on the 30`h of July in the case of 
controller 4L (see Figure 7.45). All were recorded in the last minutes of the experiments 
and in the late afternoon hours when the heat gains were at a maximum. In all other cases 
they were in the range between 20°C to 27°C. This controller was designed for an already 
existing object with installed louvres. The overall impression from the experiments 
conducted with fixed opening area and no control (see Chapter V) is that the available 
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opening area is too small to avoid occasional overheating. Even during the days when the 
highest indoor temperatures were recorded, in the case of controllers 3L and 4L the 
difference between indoor and outdoor temperature was always less than 2°C. According 
to (Fordham 2000) people perception of comfort should be related to the ambient 
temperature: buildings which get more than 2°C hotter than outside are perceived as 
uncomfortable. In other words controller 3L and 4L were capable of providing acceptable 
temperature conditions on all occasions. 
Results for all tests are indicating low air velocities inside the test room. Higher air 
movement, that is higher indoor air velocities, was obtained during the 2nd of August 
when the wind had a favourable leeward direction, see Figures 7.36 and 7.37. Higher 
indoor air velocities can be observed for the days when controller 4L was regulating the 
opening of the louvres. 
Control signals do not change very much during the day, especially in the case of 
controller 3L and most of all 4L. Although intuitively that might seem surprising, it is 
only proving one of the advantages of fuzzy control. For a control application such as 
natural ventilation it is important that the control flow element changes its position 
smoothly and not too frequently. Ventilation requirements depend on environmental 
conditions which are more or less stable throughout the day - on a very few occasions 
indoor or outdoor temperatures would sharply change their corresponding membership 
functions. A greater number of IF-THEN rules contributes to controller stability. 
Controller 4L is the one with the highest number of membership functions and rules and 
consequently its control signals are the most stable compared to other controllers, see 
Figures 7.46,7.53 and 7.60. 
CHAPTER 8 
CONCLUSIONS AND FUTURE WORK 
8.1 MAIN CONCLUSIONS 
This thesis described the development of a fuzzy logic rule-based controller for naturally 
ventilated buildings. The controller has been implemented in a typical single-sided 
naturally ventilated test room located in an in-fill location. The ability of controller to 
vary the resistance of ventilation opening in order to maintain comfortable conditions 
within a space has been investigated. 
Successful conventional control is not possible without reliable mathematical model of 
the building. Literature review has shown that air flow pattern in naturally ventilated 
buildings presents one of the most difficult modelling problems. Even with the most 
advanced modelling techniques results are not accurate enough. It seems that at the 
moment there is no model available that will give accurate enough prediction of both 
dynamic and local distribution of thermal comfort indicators. 
A rule-based control approach is particularly suited for systems that cannot be easily 
mathematically modelled, but yet can be described by experts; natural ventilation of 
buildings comes into this category of systems. Also fuzzy logic obviously provides a very 
interesting platform for the processes where randomness is the main characteristic. 
,,, 
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Although an application of fuzzy logic approach has been reported on few different 
aspects of naturally ventilated buildings (Dounis 1994 and 1996, Holmes 1997), so far 
nothing has been reported on its implementation to a flow control element what is the 
subject of the investigation in this research. 
It would be often said that a model is not needed to develop a rule base controller. But on 
the other hand information in the rule-base comes from an actual expert experience 
developed over a long learning time about how the process really works and/or from the 
study of the plant dynamics - perhaps using modelling and simulation. Priory to 
development of control rules, extensive off line thermal modelling and experimental 
research have been conducted. Test room instrumentation has been described in Chapter 
3. Programs ROOM and VENT developed by experts in the ventilation design were used 
to study temperature and air speed distribution using measured data, namely the averaged 
external temperature, wind speed and pressure coefficients measured for any specific 
experiment. The difficulty in predicting the air flow is mainly due to the uncertainties in 
the pressure coefficients at the opening. Sensitivity analysis of VENT program to 
different ways of calculating pressure coefficients were performed. Cp values obtained by 
parametric model and using measured data are in agreement about the general flow 
direction, but the absolute values are quite different. Different Cp values do not cause too 
big differences in temperatures predictions. 
In order to better understand dynamics of the system, a number of experiments have been 
performed for different environmental conditions with no control action. Louvre opening 
area was kept constant during measurements covering the range from the area 
corresponding to minimal ventilation requirements to the maximal opening. Experimental 
results showed that there is always an increase in indoor temperature during the day 
regardless of the level of the opening. Very often increase in indoor temperature is much 
higher then increase in outdoor temperature clearly indicating that because of arbitrary 
choice of opening area there is not enough cooling capacity. Temperature stratification is 
present and is increasing throughout the day. Practically during all days it reached levels 
higher than 3°C. Although time-averaged temperature difference between ankle and head 
level is less than 3°C for some experiments, time dependent values are actually increasing 
during the day raising above 3°C in relatively short period of time. Experimental results 
have shown that unacceptable stratification may occur if the opening area is arbitrary 
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chosen and kept constant. Low wind speed would usually increase temperature 
stratification. 
Air velocities inside the room do not appear to significantly vary in time in this case. 
They are almost unaffected by wind velocities and temperature difference between indoor 
and outdoor. Averaged velocities for different locations and heights inside the room are 
between 0.03m/s and 0.1 m/s. Results showed that there is practically no draft risk for 
single sided naturally ventilated test room in an in-fill locations. Largest air movement 
inside the room was observed for leeward wind direction. 
Several rule structures of different complexities have been developed for the controller. 
The possible structure of rule base depends on the total number of linguistic variables. 
Wind speed of 7m/s in natural ventilation applications is marked as a critical one after 
which all openings should be closed or in a safe position. Considering that wind speed has 
very little impact on indoor velocities in single sided natural ventilation, wind speed has 
been described by one membership function corresponding to critically strong wind. 
Openings should be also closed or maintained in a safe position in the case of rain 
presence what practically mean that rain presence can also been described by one 
membership function. Based on comfort criteria and in discussion with experts 
membership functions for other input and output variables were defined. The smallest 
number of membership functions describing temperatures were three and the biggest five. 
The choice of membership functions for the indoor temperature has been defined 
according to the latest research in thermal comfort in naturally ventilated buildings. The 
louvre position was initially described by two membership functions and later on by four 
membership functions. 
The controller was then evaluated using both simulation and on-line testing. Although on- 
line validation offers final proof of fuzzy logic controllers ability to operate, validation 
through simulation offers possibility of testing controllers under extreme conditions 
regardless of physical limitations of the test room. Simulations were carefully designed to 
allow simultaneous comparison of all rule-base compositions. Simulation results had 
shown that all controllers are capable of responding to the changes in outside condition by 
adjusting the opening positions. They satisfied security requirements and successfully, in 
stable manner respond to sudden changes in wind speed and outdoor temperature. 
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Controller with more membership functions and therefore larger number of IF-THEN 
rules was more responsive to the changes in environmental conditions. 
The fact that indoor temperatures follow outdoor more closely is one of the reasons why 
naturally ventilated buildings perform better in terms of perceived thermal comfort. 
Comparison between resulting indoor temperatures on all locations in respect of relevant 
outdoor temperature obtained from validation experiments and experiments with no 
control action showed that the controllers provide indoor temperatures that follow outdoor 
more closely. Results from all on-line validation experiments, regardless of complexity of 
the controller and environmental conditions, showed averaged temperature difference 
between head level and ankle level inside the room lower than 3°C. During the days when 
position of the louvres was regulated by complex controller 4L temperature stratification 
was well below 3°C. 
In summary the main conclusions are: 
" at the moment there is no available mathematical model of single sided 
naturally ventilated spaces that will enable satisfactory closed loop control of 
opening area, 
" unacceptable temperature stratification and overheating may occur in naturally 
ventilated objects if the opening area is arbitrary chosen and kept constant 
throughout the day, 
" fuzzy rule-based control can be successfully implemented in naturally 
ventilated spaces. 
Developed controller represents cheap, robust, computationally efficient, easy to 
implement and adaptable solution for the control of natural ventilation. A control system 
which is shown to be capable of responding to the stochastic disturbances of the 
environment in order to maintain satisfactory comfort conditions within a room will 
expand the potential attractiveness and use of natural ventilation. 
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8.2 FUTURE RESEARCH 
8.2.1 Further development of existing controller 
This thesis has proved the concept of fuzzy control application in single-sided naturally 
ventilated buildings in an in-fill, sheltered location. 
However, the application of the rule-based controller concept needs to be investigated 
across a broader, more representative range of realistic situations to take account of a full 
range of influencing factors such as solar irradiance, occupant presence and actions and 
thermal response of the building. 
The effect of the thermal response of the building on the performance of the controller 
should be investigated. In particular, energy storage in building fabric combined with 
night ventilation is increasingly used to achieve the required comfort levels in buildings. 
The rules associated with night cooling must be investigated, developed and implemented 
in the controller as a first step of controller improvement. 
The effect of solar irradiance on the existing rules can be assessed by varying external 
shading. For example if overheating occurs or if the windows are opening and closing too 
frequently, or no rules has been fired, then the rules associated with solar effect will be 
developed, since such rules have not already been implemented in the controller. 
To assess the effect of sudden increase in internal heat gain, tests should be carried out in 
occupied spaces with no solar irradiance (external shading closed). 
To evaluate the thermal environment using Fanger's thermal comfort model, a comfort 
meter can be used to measure the comfort parameters. Also thermal comfort survey can 
be carried out during the occupancy period with and without the controller. 
Chapter 8 CONCLUSIONS AND FUTURE WORK 112 
8.2.2 Fuzzy modelling of natural ventilation 
Success in applying fuzzy rule based approach in control of natural ventilation should 
incite research in fuzzy modelling of natural ventilation. Fuzzy modelling of natural 
ventilated spaces could predict either temperature of the space or comfort level of the 
space as shown Figure 8.1. Structure of the rule base would certainly differ for different 
ventilation systems: single-sided, cross ventilation or wind catcher. 
Type of NV system 
Local wind speed 
IF-THEN RULES 
Tk. 
10 
01 
Prevailing wind directions (Fuzzy) Comfort 
estimating indoor 
V'" level 
10 Comfort 
Designed cooling loads temperature and T" 
01 
model 
Opening area speed 
Outside temperature 
Figure 8.1 Fuzzy model of Natural Ventilation 
In order to have relatively cheap and easy to apply solution, measurement of the inside air 
velocities should be avoided. Fuzzy model should be capable to fairly accurate predict 
indoor air velocities based on local wind velocities, outside temperature and cooling 
loads. For single sided naturally ventilated spaces, information about local wind speed 
might not be necessary because there is very little or no draft risk. Continuous 
measurement of wind direction, although beneficial, would increase the price. Knowledge 
of the prevailing wind directions should be enough. Development of the natural 
ventilation model would enhance development of a fuzzy PI controller for naturally 
ventilated buildings. Controller variable could be either desired indoor temperature or 
comfort level. 
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APPENDIX A 
EQUIPMENT SPECIFICATION 
Datahog2 weather station 
Equipment: DataHog2 data logger incorporating integral temperature and humidity 
sensor, Mains Hog power supply, attached anemometer, wind vane and 
barometer and software. 
Supplier: Skye Instruments Limited, Units 5/6, Ddole Industrial Estate, 
Llandrindod Wells, Powys LD 1 6DF. 
Manufacturer: DataHog2, Mains Hog and barometer - Skye Limited, Units 5/6, Ddole 
Industrial Estate, Llandrindod Wells, Powys LD1 6DF. 
Anemometer and wind vane - Vector Instruments, 115 Marsh Road, 
Rhyk, Clwyd, LL 18 2AB. 
DataHog2 
Specification as follows: 
Model 
Operating temperature 
Housing 
Dimensions 
Weight 
Connections 
Power Requirements 
Resolution 
Communications 
SDL5210 five channel data logger with integral temperature 
and humidity sensor 
-20°C to +70°C 
Grey ABS - sealed to IP65 
122x12Ox86mm 
I100g 
Binder sub-miniature type 8 and 5 pin, sealed to IP65 when 
mated with plug or blanking cap 
l2volt D. C. 
15bits 
RS232C, ASCII output will communicate with any PC 
1oc 
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Memory Battery backed RAM, IMbit 
Modes Each channel configured individually, logging intervals 1,2,5, 
10,20,30min, 1,2,3,4,6,12,24hours, 
integration intervals: as for logging intervals, 
transmit data at above intervals to RS232 whilst logging 
Inputs voltage: single ended or differential +/-2mV to +/-2V, 
current: 0-200nA to 0-400mA, 
digital count, 
relative humidity, 
wind direction 
Outputs 2 independent electrical relay switches, open/close contact on 
user set conditions 
Units user definable scaling and units 
Clock real time year, month, date, time clock enabling 
synchronisation of several units, 
clock backed by lithium battery 
Mains Hog 
The Mains Hog provides a D. C. supply to DataHog2 via the RS232 socket. Datailog2 
communicates with a PC via the power supply lead form the Mains hog. Specification of 
the Mains Hog is as follows: 
Power Supply 240volt A. C. 
Output 12volt D. C. 
Current 80mA maximum 
Consumption I Owatts 
Anemometer 
The anemometer is a switching anemometer. A magnet turns with the rotor spindle and 
the resulting varying magnetic filed causes a mercury wetter reed-switch to make and 
break contact once per revolution of the rotor. Specification of the anemometer is as 
follows: 
Model A100R switching anemometer 
Performance threshold: 0.2m/s, 
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maximum: >75m/s 
accuracy: 0.1m/s (0.3 to 10m/s), 1% of the reading (10 to 
55m/s), 2% of the reading (>55m/s) 
Calibration 0.8 revolutions per minute (1 pulse per 1.25 meters) 
Operating temperature -30 to 70°C 
Rotor 150mm diameter 3cup 
Dimensions Height 200mm, case diameter 55mm 
Weight 350g 
Wind Vane 
The wind vane is a wirewound potentiometer wind vane with linear resistance 
characteristics with rotation angle. Specification of the wind vane is as follows: 
Model W200P-DH (DH denotes wiring to suit Skye Instruments 
DataHogs) 
Performance threshold: 0.6m/s; the fin will commence movement when 
aligned at 45° to the flow, 
maximum: >75m/s 
Range 3600 mechanical angle, full circle continuous rotation allowed, 
no measurable backlash during use 
Accuracy +/-2° obtainable in steady winds >5m/s 
Operating temperature -50 to 70°C 
Barometer 
Specification as follows: 
Model 
Range 
Absolute error 
Error over 0 to 50°C 
Power supply 
Output 
Operating temperature 
Dimensions 
SKPS800 
0.50 to 1.05bar 
typically 0.5mbar at 20°C and I 000mbar 
typically 1.5mbar (maximum 3.6mbar) 
5 to IOvold D. C. 
nominally 100mV/I000mbar at l0volt excitation 
-20 to 80°C 
8-x80x5Omm 
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Dantec multi-channel flow analyser 
Equipment: Multi-channel (24 channels) flow analyser and 24 fast reacting 
omnidirectional low velocity sensors. 
Supplier: Dantec, Scientific Research Equipment Division. 
Multi-Channel Flow Analyser 
The multi-channel flow analyser is capable of being connected to 24 air velocity and 
temperature sensors simultaneously recording data. The built-in microprocessor allows 
extensive analysis of the data and presentation of statistical results. It is also used to 
perform instrumentation control, such as programmable measurement sequences, 
presentation of statistical results and averaging. During a measuring period, the 
microprocessor collects data from all transducers and statistical values are continuously 
calculated. The results are displayed or printed according to mode and programme. The 
analyser has an integral power supply. 
The analyser can be fully controller via a PC where the recorded data can be logged. 
Specification for the analyser is as follows: 
Model 54N10 multi-channel flow analyser 
Measuring Range 0 tolm/s, 0 to 5m/s, 0 to 45°C 
Display 4-digit display showing measuring results updated twice a 
second, 
2-digit display to indicate channel number, 
20-segment bar graph to indicate velocity interval, 
25 LEDs to indicate current status 
Analogue output 2 linearized outputs, velocity and temperature, from selected 
channel: 0 to 10volt corresponding to maximum output in the 
selected range. Both outputs updated twice a second. 
Serial Output 2 outputs to printer and datalogger, RS232C standard 
Parallel Input-Output For communication with an external computer, IEEE-488 
standard. 
Measuring Period I second to 12 hours with 1 second resolution 
Operating Temperature Permissible range during operation 0 to 45°C 
Dimensions 149x450x340mm 
Appendix A 199 
Weight 9kg 
Power Supply 100 to 129volts and 200 to 250volts A. C., 50 to 60Hz, switch 
selectable. 
Air Velocity/Temperature Sensor 
Each air velocity/temperature sensor consists of two spherical sensors, one of which is 
used for temperature compensation of the flow sensor, mounted in a cage close to each 
other and a small thermistor. A bridge circuit is located on a small printed circuit board 
housed in the probe stem and the two spherical sensors are connected to the bridge circuit. 
The sensors work on the basis of the hot-anemometer principle, which utilizes the 
relationship between heat transfer and flow velocity. One of the two spherical sensors is 
heated and is termed the velocity sensor. The other sphere is non-heated and is used for 
temperature compensation. The heating current to the velocity sphere is controller to 
maintain its temperature 30°C above the surrounding air, independent of variations on 
flow velocity and temperature. The power delivered to the sphere becomes a function of 
the velocity alone. 
The specification for the air velocity/temperature sensor is as follows: 
Model 54R10 low air velocity and temperature sensor 
Measuring range velocity: 0 to 5m/s, temperature 0 to 45°C 
Accuracy 0.05 to lm/s: 60.01m/s 63.5% of reading, 
0.2 to 2.5m/s: 65% of reading, 
2.5 to 5m/s: 610% of reading, 
60.5°C at velocities >0. lm/s 
Dimensions height 220mm, maximum diameter 90mm, height to sensor centre 
150mm 
Weight 85g 
APPENDIX B 
Fuzzy Logic Toolbox 
Fuzzy Logic Toolbox has a built in graphical user interface (GUI). Although its possible 
to use the Fuzzy Logic Toolbox by working strictly from the command line, in general 
it's much easier to build a system graphically. There are five primary GUI tools for 
building, editing, and observing fuzzy inference systems in the Fuzzy Logic Toolbox: the 
Fuzzy Inference System or FIS Editor, the Membership Function Editor, the Rule Editor, 
the Rule Viewer, and the Surface Viewer. These GUIs are dynamically linked; changes 
made to the Fuzzy Inference System in any of them will affect all other GUls, see Figure 
BI. 
Figure B 11-'uc_y Logic Toolbox (ilII. s . siruclurce 
inn 
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The FIS Editor handles the high level issues for the system: how many input and output 
variables and what are their names? The Fuzzy Logic Toolbox doesn't limit the number 
of inputs. However, the number of inputs may be limited by the available memory of the 
computer. If the number of inputs is too large, or the number of membership functions is 
too big, then it may be difficult to analyze the FIS using GUI tools. The Membership 
Function Editor is used to define the shapes of all the membership functions associated 
with each variable. The Rule Editor is for editing the list of rules that defines the 
behaviour of the system. The Rule Viewer and the Surface Viewer are used for looking at, 
as opposed to editing, the FIS. They are strictly read-only tools. The Surface Viewer is 
used to display the dependency of one of the outputs on any one or two of the inputs; it 
generates and plots an output surface map for the system. 
FIS Editor 
The FIS Editor displays general information about a fuzzy inference system. There's a 
simple diagram at the top that shows the names of each input variable on the left, and 
those of each output variable on the right, see Figure B2. Below the diagram are the name 
of the system and the type of inference used. The default is Mamdani-type inference. 
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The Membership Function Editor 
The Membership Function Editor is the tool that allow displaying and editing of all of the 
membership functions associated with all of the input and output variables for the entire 
fuzzy inference system as shown in Figure B3. 
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Constructing rules using the graphical Rule Editor interface is fairly self-evident. Based 
on the descriptions of the input and output variables defined with the FIS Editor, the Rule 
Editor allows the construction of the rule statements automatically, by clicking on and 
selecting one item in each input variable box, one item in each output box, and one 
connection item, see Figure B4. 
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The Rule Viewer 
The Rule Viewer is a MATLAB-based display of the fuzzy inference. The Rule Viewer 
displays a roadmap of the whole fuzzy inference process. It's based on the fuzzy 
inference diagram described in the previous section. It displays a single figure window 
with small plots nested in it as shown in Figure B5. Each rule is a row of plots, and each 
column is a variable. The first two columns of plots (the yellow plots) show the 
membership functions referenced by the antecedent, or the if-part of each rule. The third 
column of plots (the blue plots) shows the membership functions referenced by the 
consequent, or the then-part of each rule. Used as a diagnostic, it can show for example 
which rules are active, or how individual membership function shapes are influencing the 
results. 
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Figure B5 The Rule Viewer 
Basic Data Acquisition Toolbox Functions 
Analoginput creates an analog input object and has the following syntax: 
AI = analoginput (, adaptor,, ID) ; 
Function arguments are as follows: 
p, r loin wo *so 
Name of the hardware driver adaptor. The supported adaptors are wi nsoun i, 
adaptor' 
nidaq, and hpe1432. 
The hardware device identifier. tv is optional if the device object is 
ID 
associated with a sound card having an ID of 0. 
Al The analog input object. 
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Al - analoginput (, adaptor,, ID) creates the analog input object Ai for the specified 
adaptor and for the hardware device with device identifier gyn. ID can be specified as an 
integer or a string. 
When an analog input object is created, it does not contain any hardware channels. To 
execute the device object, hardware channels must be added with the addchannel 
function. 
Analogoutput creates an analog output object and has the following syntax: 
AO = analogoutput('adaptort, ID) ; 
Function arguments are as follows: 
' adaptor' 
Name of the hardware driver adaptor. The supported adaptors are winsound, nidaq, and 
hpe1432. 
ID The hardware device identifier. ID is optional if the device object is associated with a sound card 
having an ID of 0. 
AO The analog output object. 
AO = analogoutput ('adaptor, ID) creates the analog output object Ao for the 
specified adaptor and for the hardware device with device identifier ID. in can be 
specified as an integer or a string. 
Addchannel addes hardware channels to an analog input or analog output object and has 
the following syntax: 
chans = addchannel(obj, hwch, index, 'names'); 
Function arguments are as follows: 
ob j An analog input or analog output object. 
hwch Specifies the numeric ID's of the hardware channels added to the device object. Any MATLAB vector stax can be used. 
index The MATLAB indices to associate with the hardware channels. Any MAILAB vector 
(optional) syntax can be used provided the vector elements are monotonically increasing. 
'names' 
A descriptive channel name or cell array of descriptive channel names. (optional) 
chaps 
(o Tonal) A column vector of channels with the same length as hwch. 
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chans = addchannel(obj, hwch, index, 'names') adds the hardware channels 
specified by hwch to the device object obj. index specifies the MATLAB indices to 
associate with the added channels. names is a descriptive channel name or cell array of 
descriptive channel names. chans is a column vector of channels. 
The numeric values supplied for hwch depend on the assessed hardware. For National 
Instruments hardware, channels are "zero-based" (begin at zero). For Hewlett-Packard 
hardware and sound cards, channels are "one-based" (begin at one). 
Every hardware channel contained by a device object has an associated MATLAB index 
that is used to reference the channel. Index assignments are made either automatically by 
addchannel or explicitly with the index argument and follow these rules: 
" If index is not specified and no hardware channels are contained by the device object, 
then the assigned indices automatically start at one and increase monotonically. 
" If hardware channels have already been added to the device object, then the assigned 
indices automatically start at the next highest index value and increase monotonically. 
When using National Instruments 1200 Series hardware, channel IDs are given in reverse 
order with addchannel. For example, to add eight single-ended channels to the analog 
input object ai correct use of the function is: addchannel (ai, 7: -1: 0). The scan order 
is from the highest ID to the lowest ID (which must be 0). There cannot be any gaps in 
the channel group. When channels are configured in differential mode, the hardware ID's 
are 0,2,4, and 6. 
A descriptive names can be assigned to hardware channels, which are then stored in the 
ChannelName property. Choosing a unique descriptive name can be a useful way to 
identify and reference channels. For a single call to addchannel it is possible to: 
9 Specify one channel name that applies to all channels that are to be added 
" Specify a different name for each channel to be added 
Getdata extracts data, time, and event information from the data acquisition engine and 
has the following syntax: 
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data = getdata(obj, samples, 'type'); 
[data, time, abstime, events] = getdata(... ); 
Function arguments are as follows: 
ob j An analog input object. 
samples The number of samples to extract. If samples is not specified, the number of samples extracted 
(optional) is given by the SamplesPerTrigger property. 
'type' Specifies the format of the extracted data as double (the default) or as native. (optional) 
An m-by-n array where m is the number of samples extracted and n is the number of channels data 
contained by obj. 
time An m-by-I array of relative time values where m is the number of samples extracted. Relative 
(optional) time is measured with respect to the first sample logged by the engine. 
abstime The absolute time of the first trigger returned as a clock vector This value is identical to the 
(optional) value stored by the InitialTriggerTime property. 
events A structure containing a list of events that occurred up to the time of the getdata call. o Tonal 
data = getdata (ob j, samples, 'type') extracts the number of samples specified by 
samples in the format specified by type for each channel contained by obj. 
[data, time, abstime, events] - getdata (... ) extracts data as sample-time pairs, 
returns the absolute time of the trigger, and returns a structure containing a list of events 
that occurred up to the getdata call. The possible events that can be returned are 
identical to those stored by the EventLog property. 
getdata is a blocking function since it returns execution control to the MATLAB 
workspace only when the requested number of samples are extracted from the engine for 
each channel group member. It is possible to issue ^C (Control-C) while getdata is 
blocking. This will not stop the acquisition but will return control to MATLAB. 
Putdata queuea data in the engine for eventual output and has the following syntax: 
putdata(obj, data) 
Function arguments are as follows: 
obj An analog output object. 
The data to be queued in the engine. data must consist of a column of data for each channel data 
contained by obj. 
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putdata (ob j, data) queues the data specified by data in the engine for eventual output 
to the analog output subsystem. data must consist of a column of data for each channel 
contained by obj. 
Data must be queued in the engine before ob j is executed. putdata is a blocking function 
since it returns execution control to the MATLAB workspace only when the requested 
number of samples are queued in the engine for each channel group member. Data is 
output as soon as a trigger occurs. An error is returned if a Narr is included in the data 
stream. 
Data Acquisition Session 
The data acquisition session consists of four steps: 
" initialisation, 
" configuration, 
" execution and 
" termination. 
Before a hardware device is used to acquire or output data, it must be initialised to a 
known state. Initialisation occurs just after a device object is created. 
AI = analoginput('nidaq', 1); 
After device object creation, the toolbox automatically performs following steps: 
" The hardware driver is loaded into memory and the hardware is initialised to its 
default state typically published by the vendor. 
" The hardware driver adaptor is loaded into memory and device-specific properties are 
made available to the engine. 
After initialisation, the device object has to be configured. Configuration involves 
supplying the device object with the resources and information necessary to carry out the 
desired tasks, and consists of these two steps: 
" Adding channels 
" Configuring property values to establish the desired behaviour 
Appendix B 209 
After the device object is configured, it must be executed to carry out the desired tasks. 
Execution is divided into three main parts: 
" Starting 
" Previewing, acquiring, or sending data 
" Stopping 
Starting 
A device object is started with the start command. 
start (AI) 
When a start command is issued, the Running property is automatically set to on, and 
both the device object and hardware device execute according to the configured 
properties. When a trigger occurs, data logging is initiated for an analog input object, 
while data output (sending) is initiated for analog output objects. 
Stopping 
When data acquisition tasks are complete, the device object(s) should be deleted to free 
memory and other resources. The delete function is used to delete a device object: 
delete (AI) 
The delete function removes the specified device object from the engine. You can delete 
a device object only if it is not running. To remove a device object from the MATLAB 
workspace, you must use the clear command. 
clear AI 
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MATLAB code for the controller operation 
%Analog Input Initialisation: 
%Create the analog input object AI for the National Instrument I/O board. 
AI = analoginput('nidaq', 1); 
%Configuration: Setting up common properties: types of sensor signals 
connection, sample rate of 1Hz and number of samples -1 
set(AI, 'InputType', 'SingleEnded'); 
set(AI, 'SampleRate', 1); 
set(AI, 'SamplesPerTrigger', 1); 
%Channel configuration: adding 4 channels and configuring channel properties: 
channel names and scaling input signals 
addchannel(AI, [7 53 2]); 
set(AI. Channel(4), 'ChannelName', 'WindDir'); 
set(AI. Channel(4), 'InputRange', [0 5]); 
set(AI. Channel(4), 'UnitsRange', [0 360]); 
set(AI. Channel(4), 'Units', 'degrees'); 
set(AI. Channel(3), 'ChannelName', 'WindVel'); 
set(AI. Channel(3), 'InputRange', (0 5]); 
set(AI. Channel(3), 'Unit5Range', [0 1.4]); 
set(AI. Channel(3), 'Units', 'm/s'); 
set(AI. Channel(1), 'ChannelName', 'OutTemp'); 
set(AI. Channel(1), 'InputRange', [0 5]); 
set(AI. Channel(1), 'UnitsRange', [0 19.5]); 
set(AI. Channel(1), 'Units', 'deg C'); 
set(AI. Channel(2), 'ChannelName', 'InTemp'); 
set(AI. Channel(2), 'InputRange', [0 5]); 
set(AI. Channel(2), 'UnitsRange', [0 27]); 
set(AI. Channel(2), 'Units', 'deg C'); 
%Analog Output Initialisation: 
%Create the analog output object AO for the National Instruments I/O board. 
AO = analogoutput('nidaq', l) 
%Configuration: Setting up common properties: sample rate of 1Hz 
set(AO, 'SampleRate', 1); 
%Channel configuration: adding channel and configuring properties: 
%channel names and scaling output signals 
addchannel(AO, 0); 
set(AO. Channel(l), 'ChannelName', 'LouvrePos'); 
set(AO. Channel(l), 'OutputRange', [0 5]); 
set(AO. Channel(l), 'UnitsRange', (0 100]); 
set(AO. Channel(l), 'Units', '*, Open'); 
%Emulation of the real time: repeating a Data Acquisition session every two 
minutes 
for i=1: 123 
%Execution: Start AI, wait until the requested samples are acquired, and extract 
all data from the engine with one call to getdata function. 
start(AI) 
[data, t] = getdata(AI); 
dividing a matrix of all acquired data into separate vectors 
Tin(i)=data(1,2) 
Tout(i)=data(1,1) 
WDir(i)=data(1,4) 
WVe1(i)=data(1,3) 
sim('daq_summer')%callinq in controller and calculating the louvre position 
and 
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putdata(AO, Louvre_pos)%and queue 
Pos(i)=Louvre pos(t) %in the same 
AO ä60ution: Start AO and wait for 
start(AO) 
pause(120)%two minutes poses 
%Termination of the Data Acquisition 
stop(AI) 
stop(AO) 
end 
the data with one call to putdata. 
time generating data to be queued for the 
the device object to stop running. 
session 
APPENDIX C 
PROGRAM ROOM 
Program ROOM is intended to be used to calculate the thermal and comfort conditions 
within a single space for a typical day in a selected month under dynamical thermal 
loading. As a result of thermal analysis of a space program outputs are 
" air dry bulb temperature, 
" surface temperatures, 
" solar radiation transmitted through translucent elements, 
" ventilation rate. 
These data can be further used to assess the merits of different mechanical ventilation 
systems, predict the likelihood of condensation on internal surfaces and assess the 
potential for natural ventilation within the space. Comfort analysis of a space is based on 
Fanger's theory and predicts following comfort parameters: 
" PPD - Percentage of People Dissatisfied, 
9 PMV - Predicted Mean Vote and 
" MRT - Mean Radiant Temperature. 
The dry resultant temperature used by CIBSE as an indicator of comfort is also 
calculated. These parameters are determined for each hour of the day for the month being 
considered at the number of different positions across the room. 
ROOM is intended to assess detailed environmental conditions within a single space. The 
numerical model is based on an explicit finite difference formulation for unsteady heat 
flows within the building fabrics. Essentially this means that conditions in the future are 
predicted form the current state. 
, )» 
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ROOM Heat Transfer Theory 
Conduction 
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The model of conduction processes employed in ROOM assumes that a wall can be 
represented by a number of small 'elements' in series. Each element can both store and 
conduct heat. The elements are assumed to be sufficiently small that each is at a uniform 
temperature. In this case heat required to raise the temperature of the element by a small 
amount equals heat flow into the element in a short time. That is: 
CdT = Qdt (C. 1) 
The simplest forward difference method makes use of the following algorithm to 
calculate the temperature of an element at time t: 
T(t)=T(t-&)+ 
dj & (C. 2) 
Trial tests have shown that this assumption is valid providing that these steps are small. 
The advantage of this approach is that the effect of storage within the fabric can be 
separated from the radiative and convective transfers between the fabric and the air. 
Unfortunately numerical stability usually requires a small time step (or rather large 
elements). It is necessary to make a good estimate of the time step. This is done 
automatically by ROOM program. 
Convection 
Convection is a complex process. Accurate values of surface heat transfer coefficients are 
not known. At present ROOM has the option of either using a fixed heat transfer 
coefficient (default 3 W/m2K, the mean of the CIBSE Guide values) or coefficients 
calculated according to relationship: 
hý = AOPB (C. 3) 
Default values for the coefficients in equation (C. 3) are given in Table Cl. 
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Table Cl Coefficients for the surface heat transfer coefficient equation 
Surface A B 
Wall - horizontal heat flow 1.611 0.295 
Floor - heat flow from floor 2.048 0.299 
Ceiling - heat flow from ceiling 0.378 0.13 
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These coefficients are only applicable to natural convection within the space. Values for 
forced convection cannot be generalised. It is therefore suggested that average CIBSE 
values be used. 
External convection coefficients depend upon the local micro-climate, surface roughness 
and the position of the surface on the facade. 
Radiation 
Heat losses and gains to rooms are closely linked to the radiation exchanges that occur 
within the space. The effects of solar radiation and lights are fairly obvious but the 
significance of radiant exchange between room surfaces is often not realised. While the 
physics of radiant heat transfer are well understood their application to buildings is often 
confused and incorrect. ROOM avoids the problem by going back to the fundamental 
equations with the following assumptions made: 
1. Grey body radiation -a single emissivity regardless of the wavelength of the 
radiation. 
2. Linearised radiant heat transfer. 
The first of these is a generally accepted approximation although it is usual to separate 
radiation into two groups, long and short wave. Long wave radiation is that which occurs 
between room surfaces, and its quantity and wavelength are temperature dependent. Short 
wave radiation comes from high temperature sources such as the sun and lights. The 
transfer of short wave radiation within a room does not depend upon the surface 
temperature. Short wave radiation bounces around the space either being absorbed or 
reflected at each surface or transmitted through any glazed surfaces. It is a common 
mistake to assume that all the solar radiation entering a space is trapped within that space. 
Glazing is indeed opaque to long wave radiation, but short wave radiation is only 
converted to long wave radiation by being absorbed at a surface. This increases the 
Appendix C 215 
temperature of that surface and causes it to emit more long wave radiation than before. 
The emissivities appropriate to long and short wave are often very different. For example 
a white wall may have a short wave emissivity, or absorption, of 0.4, while its long wave 
emissivity will be nearer to 0.9. Separate long wave and short wave emissivities are used 
in ROOM. 
Linearised radiation heat transfer coefficient is also a common assumption. In ROOM it is 
used to speed up calculations. ROOM uses a radiation coefficient of 5.7 W/m2K, when 
the convection coefficient is fixed. However if calculated coefficients are used the radiant 
coefficient is updated at each time step based on the mean surface temperature. 
Short wave radiation occurs in a room due to the action of lights and the sun. Radiation 
from lights is assumed to fall on the floor. Solar radiation is handled in a fairly 
conventional way. Incident radiation is calculated using methods described in the CIBSE 
Guide, then the amount absorbed and transmitted at glazed surfaces is calculated using 
the fundamental equations for glazing. The transmitted radiation is separated into direct 
and diffuse components. The diffuse radiation is distributed within the room in proportion 
to the radiation view factor between the window and each room surface. The treatment of 
direct solar radiation is a little more complex: The internal distribution of radiation is 
calculated by determining where the solar radiation falls within the space. This is done by 
projecting each glazed surface onto the other room surfaces in the direction of the solar 
vector. The direct radiation is then averaged over each surface as appropriate and added to 
the diffuse. It is then assumed that non-specular reflections occur, so that the radiant load 
can be distributed over the room surfaces in accordance with the theory of multiple 
reflections as represented by the radiosity for each surface. The method used is equally 
applicable to indirect lighting calculations. 
The magnitude of the long wave radiation depends upon the surface temperature but 
radiant exchange can be de-coupled from the conduction and convection calculations 
because of the explicit finite difference formulation used in ROOM since this method 
makes the use of the current state to predict the future. 
Three types of surfaces are defined within ROOM: 
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Type Description 
High mass surface Stores heat and resists the flow of heat 
Low mass surface a pure resistance 
Glass (or translucent) a pure resistance that also transmits short wave radiation 
The level of natural lighting within a space can be enhanced by the use of reflecting 
surfaces placed near a window. These 'light shelves' may be located both internally and 
externally. However the increase in light level due to an external light shelf cannot be 
achieved without a corresponding increase in heat gain to the space. ROOM quantifies the 
thermal effect of both internally and externally located light shelves within four 
calculation procedures: specular reflections form the external light shelves, specular 
reflections from internal light shelves, non-specular reflections from the external light 
shelves and non-specular reflections from the internal light shelves. 
Ventilation Models 
Ventilation models represent the way air moves into and within a space. This depends 
upon the thermal loads, or internal convective gains in the space. As with all thermal 
models convective gains can be independent of temperature, be fixed inputs or vary. The 
variable gains in ROOM are from occupants and surfaces. 
Detailed calculation of the movement of air within a space is beyond the scope of this 
version of ROOM. ROOM contains two simple air flow models; a mixed and a stratified 
model. The mixed model assumes that all air within the space is at the same temperature. 
This model would be appropriate for conventional ceiling mounted air distribution 
systems. The stratified model assumes that the space is divided into two parts: 
1. A lower region, which is influenced by heat, gains from the floor, occupants, low 
level shading devices, and equipment within the space. Air supplied via 
mechanical or natural means is assumed to flow through this region first. 
2. An upper region, which is, influenced by the room surfaces (other than the floor) 
the convective gain from lights and any high level shading devices. 
The stratified model might be appropriate for displacement ventilation, floor supply 
systems or natural ventilation. 
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The incorporation of heat storage in the air can be a source of instability in the numerical 
calculation. This is because the thermal storage capacity of the air in a space is usually 
rather less than that of the enclosing fabric. The obvious ways to avoid difficulties in this 
area are either to use a very small time step or to ignore heat stored in the air. In ROOM a 
pragmatic approach is taken: It is assumed that the surface temperature of the space and 
all heat inputs are constant over a time step. It is then possible to obtain a simple 
analytical solution to the room air response. The basic relationship is: 
(air thermal capacity) x(rate of change of temperature with time) a 
difference between the convective heat entering and leaving the space 
This yields to a first order differential equation that is easily solved. When a stratified 
model is used the model is a little more complex. In the upper region the thermal capacity 
of the air is treated as described above, while in the lower region an instantaneous heat 
balance is applied 
External airflow models are representations of how the air enters a space. In the case of 
ROOM there are three considerations: 
1. Infiltration 
2. Natural ventilation 
3. Mechanical ventilation 
Infiltration is represented in ROOM by a default level set by the user at data entry. Both 
natural and mechanical ventilation default to this value if either are not set or are 
predicted to be below it. 
It is assumed in ROOM that critical design conditions occur when the wind speed is zero 
so only buoyancy driven natural ventilation is considered. Ventilation under more 
complex conditions can be predicted by the VENT program. The flow is calculated using 
the 'stack pressure' difference as defined in the CIBSE Guide, based on the current mean 
internal temperature (average of low and high regions when a stratified model is used) 
and external dry bulb temperature. Only two openings are modelled: one each at high and 
low level. Following the philosophy of the explicit method the air flow calculated at 
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present time is used in the prediction of air temperature for the prediction of conditions in 
the future. 
Model for the Mechanical ventilation is the simplest one; provided the fan has been 
correctly sized, the ventilation rate is known. Things may, however, be more complicated. 
Firstly the heat gain from the fan (unless only extract is used) will raise the supply air 
temperature, and secondly it is possible for both mechanical and natural ventilation to 
occur at the same time. Four possible situations are represented in the program: 
1. Pressurised room, natural ventilation flow from low to high region 
2. Pressurised room, natural ventilation flow from high to low region 
3. Extract fan, natural ventilation flow from low to high region 
4. Extract fan, natural ventilation flow from high to low region 
It is assumed that the mechanical supply or extract remains constant. To calculate the 
combined flow the pressure loss through the ventilation openings due to the specified 
mechanical ventilation flow is compared with that generated by buoyancy. This is done 
by simultaneous solution of the flow equations. The resultant flow which is usually rather 
less than the sum of mechanical plus natural ventilation is used in the analysis. 
One way to supply air to condition a space is to introduce it via a floor void. ROOM has 
build in algorithm intended to model a simple cavity between a concrete slab and a raised 
floor through which a known quantity of air flows. The model can be extended to cover 
applications involving ducts within a floor slab. 
Plant Model 
Only very simple plant items are simulated in ROOM because the intention is to 
concentrate on what happens in the space and not to size plant. The following plant items 
are simulated in the present version of ROOM: 
1. Mechanical ventilation 
2. Air heating or cooling (no latent transfer) 
3. Chilled or warmed floors 
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The plant can be controlled in two ways: constant specified supply air temperature or 
thermostatically controlled heater or cooler battery. The former is simply a modification 
of the mechanical ventilation system; the latter assumes proportional control, using the air 
temperature as the control temperature. The use of proportional control may be 
questioned, and this is an area of ROOM that needs to be reviewed as it also gives rise to 
some potential numerical problems. 
The usual three sources of internal heat are taken into consideration: occupants, lights and 
machines/equipment. Both sensible and latent gains are considered. Sensible heat gains 
are taken as constant when the space temperature is below 20°C and proportional to 
above that temperature. The latent gain is the difference between the sensible gain and the 
heat emitted by the occupants at the specified activity level. There is an upper limit to the 
amount of latent heat that can be rejected from the body. This is dependent upon the 
difference between the vapour pressure of saturated air at the skin temperature and the 
local vapour pressure. A state of thermal stress exists if the sensible heat emission is less 
than the metabolic input and the space humidity is such that the latent emission cannot 
make up the difference; ROOM does not indicate this conditions, however it does limit 
the latent gain. The latent gain is used in the calculation of relative humidity. 
The input from the lights is a combination of convection and radiation. The exact split is 
selected by the user when entering data. The radiant gain is assumed to fall upon the floor 
where it is added to the solar gain and distributed following the theory for non-specular 
reflections. If a stratified model is specified then, in theory, all the convective output from 
lighting will find its way into the upper zone. However, in practice some of this heat will 
enter the lower region due to mixing between the two zones, and task lights at low level 
may also be used. It is therefore assumed that 25% of the convective gain from lighting 
enters the occupied portion of the room. Extract luminaires are not modelled, but these 
may be specified by the user: For example, if the installed lighting load is 20W/m=, of 
which 50% is radiant, and extract fittings remove 40% of this, a lighting load of 12W/m2 
with a radiant output of 83% could be used. 
Sensible and latent gains form machinery and equipment are dealt with. It is assumed that 
35% of the sensible gain is radiant. The radiant gain is distributed evenly over all room 
surfaces other than the floor. All the load from machinery enters the lower region when 
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the stratified air flow model is used. The latent gain is used in the calculation of relative 
humidity 
Comfort Model 
To solve Fanger's comfort equation it is necessary to have values for air temperature, 
surface temperatures, the intensity of radiation falling on the subject, air speed and the 
clothing and activity level of the subject. Calculations at a single point in a space arc 
unlikely to give a true indication of the conditions within that space. ROOM therefore 
calculates the comfort criteria at a number of points across the space. The following 
factors are considered: 
1. Dry bulb temperature 
2. Wet bulb temperature 
3. Mean radiant temperatures 
4. Direct radiation 
5. Air speed 
The calculation of local dry bulb temperatures is beyond the scope of programs for 
general engineering design, such as ROOM, so the dry bulb temperature calculated during 
the thermal analysis is used and assumed to be constant throughout the occupied zone. 
Except under extreme conditions humidity is not important in assessing comfort, the wet 
bulb temperature is therefore ignored. Mean radiant temperature and the effects of direct 
radiation require additional analysis. Mean radiant temperature requires the calculation of 
the radiation interchange between the human body and the room surfaces. Fanger does 
this using the concept of angle factor, a parameter which he obtained experimentally. This 
factor is related to the relative positions of the body and surface, to do this in ROOM 
required a long run time and therefore the human body is represented as a small sphere. 
This approximation gives reasonable results and allows the calculation of the angle factor 
to a whole surface rather than to the large number of elements otherwise required. The 
main objection to this method is that certain areas of the body are more sensitive to 
radiation than others, however as the orientation of the subject is usually not known, 
using a sphere provides a reasonable representation of the average orientation of 
occupants. The effect of direct radiation is assessed. by tracking the path of sunlight in the 
space and modifying the mean radiant temperature as appropriate. The prediction of air 
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speed, like that of local dry bulb temperatures, is beyond the scope of programs for 
general engineering design, so ROOM uses a single user-estimated velocity for 
calculating the convective heat transfer coefficient for the human body. In addition to the 
thermodynamic parameters, it is necessary to consider the dimensions of the body, the 
rate at which it generates heat and the level of insulation which surrounds it. ROOM 
assumes average body dimensions as given by Fanger, the metabolic rate is chosen by 
selecting an activity level and the level of insulation by selecting a clothing level. The 
analysis of comfort makes use of the comfort equation to calculate the predicted mean 
vote (PMV), and thus the percentage of people dissatisfied (PPD). 
PROGRAM VENT 
VENT is intended to be used for the calculation of bulk air movements into and within 
buildings, driven by wind pressure, buoyancy forces arising from the difference between 
internal and external temperatures and purpose designed mechanical ventilation systems. 
The user can therefore: 
1. Estimate infiltration 
2. Assess the potential for natural ventilation 
3. Trace the general pattern of air movement within a building 
The program can be operated in three modes: 
1. Calculation of flow rates from specified wind speed, internal and external 
temperatures and mechanical ventilation rates. 
2. Given wind speed, external temperature, internal heat gain and mechanical ventilation 
rate, calculate steady-state flow rates required to balance the heat gain. The 
corresponding internal room temperatures are those that induce sufficient air flow to 
remove all the heat generated. 
3. A combination of the above two cases with temperatures specified in some rooms and 
heat loads specified in others. Flow rates are calculated together with the unspecified 
temperatures. 
In the second and third cases convection is the only heat transfer process modelled. 
The following results are obtained: 
" Whole building air change rates. 
Appendix C 222 
" Individual room air change rates. 
" The air flow rate through each specified ventilation or leakage area. 
" The temperatures necessary to balance the heat gains if some temperatures are not 
fixed. 
" Steady state pollutant concentrations within the buildings (100% pollutant 
concentration is placed in each room in turn and the amount of pollutant that will be 
found in each of the other rooms in the building will be calculated. ) 
The information required by VENT to simulate any given situation is: 
" Aperture Areas and characteristics 
" Aperture height above room datum 
" Room volumes (only used to calculate air change rates) 
" Room height above site datum 
" Site altitude (defaulted to zero) 
" External pressure coefficients (only used to calculate the effects of wind driven 
ventilation) 
" Internal temperatures (only if fixed) 
" Internal heat gains (if present) 
" Mechanical flow rate and supply temp (if present) 
VENT considers the density as a function of temperature only and to uses a standard 
atmospheric pressure at ground level (101 325 Pa) when calculating the densities in each 
room. External pressures are calculated using the pressure coefficient Cp. 
APPENDIX D 
THERMAL COMFORT PREDICTION 
The ROOM program was used to calculate thermal comfort parameters inside the room 
for winter and summer tests. To solve Fanger's comfort equation it is necessary to have 
values for air temperature, surface temperatures, the intensity of radiation falling on the 
subject, air speed and the clothing and activity level of the subject. The following factors 
are considered: dry bulb temperature, wet bulb temperature, mean radiant temperatures, 
direct radiation and air speed. 
The dry bulb temperature calculated during the thermal analysis is assumed to be constant 
throughout the occupied zone because the calculation of local dry bulb temperatures is 
beyond the scope of programs for general engineering design, such as ROOM. Except 
under extreme conditions humidity is not important in assessing comfort, the wet bulb 
temperature is therefore ignored. Mean radiant temperature and the effects of direct 
radiation require additional analysis. Mean radiant temperature requires the calculation of 
the radiation interchange between the human body and the room surfaces. Fanger does 
this using the concept of angle factor, a parameter which he obtained experimentally. In 
ROOM the human body is represented as a small sphere. This approximation gives 
reasonable results and allows the calculation of the angle factor to a whole surface rather 
than to the large number of elements otherwise required. The main objection to this 
method is that certain areas of the body are more sensitive to radiation than others, 
however as the orientation of the subject is usually not known, using a sphere provides a 
reasonable representation of the average orientation of occupants. Radiation from lights is 
assumed to fall on the floor. Solar radiation is handled in a fairly conventional way. The 
treatment of direct solar radiation is a little more complex: The internal distribution of 
radiation is calculated by determining where the solar radiation falls within the space. 
This is done by projecting each glazed surface onto the other room surfaces in the 
direction of the solar vector. The direct radiation is then averaged over each surface as 
7171 
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appropriate and added to the diffuse. The prediction of air speed is beyond the scope of 
programs for general engineering design, so ROOM uses a single user-estimated velocity 
for calculating the convective heat transfer coefficient for the human body. In addition to 
the thermodynamic parameters, it is necessary to consider the dimensions of the body, the 
rate at which it generates heat and the level of insulation which surrounds it. ROOM 
assumes average body dimensions as given by Fanger, the metabolic rate is chosen by 
selecting an activity level and the level of insulation by selecting a clothing level. The 
analysis of comfort makes use of the comfort equation to calculate the predicted mean 
vote (PMV), and thus the percentage of people dissatisfied (PPD). 
The code was fed with the present measured data, namely the averaged external 
temperature and the mean pressure coefficients measured for the specific test. The 
predicted average PPD values for a naturally ventilated room, a seated person with light 
office wear and light office activity, a total internal heat gain of 150W, and internal 
velocities of 0.1 m/s for summer and 0.05 m/s for winter were calculated. The winter and 
summer comfort results are shown in Figure D1. For test 1, the PPD at 9 a. m. was about 
100% as there was no heating on overnight. Gradually during the day PPD was reduced to 
40%. For test 4, after 2 hours the PPD was reduced from 100% to 10% and after midday 
remained constant at 5%. Overall the thermal comfort is improved with the increase of the 
heat load, due to large temperature difference between inside and outside (Tin - Tout). 
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. 
PPI) values for winter and summer testes 
During summer conditions, for test 4, the steady state value of PPD is about 20% and for 
test 5 the steady value is about 15%. This improvement of thermal comfort is mainly due 
to the higher temperature difference (Tin - Tout) and also increased wind velocity. 
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Actuator signal of 4V 
Experiment on the 12`h of June 2001 from 14: 40 until 17: 15 
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Experiment on the 13th of August 2001 from 10: 45 until 16: 44 
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Actuator signal of 4.5V 
Experiment on the 21" of June 2001 from 15: 33 until 18: 03 
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Actuator signal of 5V 
Experiment on the 13`h of June 2001 from 10: 42 until 13: 57 
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Actuator signal of 6V 
Experiment on the 13th of June 2001 from 16: 05 until 18: 32 
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Figure E5c Variation of temperature difference between head and ankle level on the 13`h 
of June 2001 
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Experiment on the 17th of July 2001 from 14: 33 until 17: 24 
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Experiment on the 8th of August 2001, from 11: 15 until 16: 15 
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Actuator signal of 7V 
Experiment on the 14`h of June 2001, from 10: 15 until 12: 29 
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Experiment on the 11`" of July 2001, from 14: 52 until 17: 20 
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Actuator signal of 7.5V - leeward wind direction 
Experiment on the 26 'h of June 2001, from 10: 46 until 13: 44 
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Actuator signal of 8V 
Experiment on the 14`h of June 2001, from 14: 30 until 17: 00 
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Actuator signal of 9V 
Experiment on the 15 `h of June 2001, from 11: 15 until 13: 24 
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Actuator signal of 10V 
Experiment on the 15`h of June 2001, from 15: 00 until 17: 20 
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